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1.0 EXECUTIVE SUMMARY

During Phase | of the present program, Alcoa developed a commercia cell concept that has
been estimated to save 30% of the energy required for aluminum smelting. Phase Il involved
the construction of apilot facility and operation of two pilots.

Phase Il of the Advanced Anodes and Cathodes Program was aimed at bench experiments to
permit the resolution of certain questionsto be followed by three pilot cells. All of the
milestones related to materials, in particular metal purity, were attained with distinct
improvements over work in previous phases of the program. NiO additions to the ceramic
phase and Ag additions to the Cu metal phase of the cermet improved corrosion resistance
sufficiently that the bench scale pencil anodes met the purity milestones. Some excellent
metal purity results have been obtained with anodes of the following composition: 14% Cu,
3% Ag, 83% composition 5301 (51.7% NiO, 48.3% Fe,O3).

Further improvements in anode material composition appear to be dependent on a better
understanding of oxide solubilitiesin molten cryolite. For that reason, work was
commissioned with an outside consultant to model the MeO — cryolite systems. That work
has led to a better understanding of which oxides can be used to substitute into the NiO-
Fe,O3 ceramic phase to stabilize the ferrites and reduce their solubility in molten cryolite.

An extensive number of vertical plate bench electrolysis cells were run to try to find
conditions where high current efficiencies could be attained. TiB,-G plates were very
inconsistent and led to poor wetting and drainage. Pure TiB, did produce good current
efficiencies at small overlaps (shadowing) between the anodes and cathodes. This bench
work with vertical plate anodes and cathodes reinforced the importance of good cathode
wetting to attain high current efficiencies. Because of those conclusions, new wetting work
was commissioned and became a major component of the research during the third year of
Phase lIl.

While significant progress was made in several areas, much work needsto be done. The
anode composition needs further improvements to attain commercia purity targets. At the
present corrosion rate, the vertical plate anodes will wear too rapidly leading to arapidly
increasing anode-cathode gap and thermal instabilitiesin the cell. Cathode wetting as a
function of both cathode plate composition and bath composition needs to be better
understood to ensure that complete drainage of the molten aluminum off the plates occurs.
Metal buildup appearsto lead to back reaction and low current efficiencies.

€s.3419P 1



2.0 INTRODUCTION
2.1 OVERALL OBJECTIVES
The overall objectives of this program were:

* Reduction of the cost of primary aluminum production;

» Energy savings resulting from the improved performance of the Hall-Héroult cell
(improvement of the Hall-Héroult process was one of the major goals of the Primary
Product Sector Group at the workshop);

» Environmental benefits: reduction of perfluorocarbons, elimination of carbon
monoxide and carbon dioxide emissions, the reduction of sodium and bath
penetration and cyanide formation, and production of oxygen as a byproduct; and

* Market benefits: the lower cost of producing aluminum makesit avery attractive
aternative to the U.S. transportation sector (motor vehicles, aircraft, and
infrastructure uses, among others).

The passage of current between the anode and cathode is the major source of energy
consumption in the process. Therefore, the reduction of the anode-cathode distance will
improve the power and production efficiency of the process. Alcoas energy efficient cell
design consists of interleaved anode and cathode platesin a vertical array as shown in Figure
5.1-1 (page 17). Thisdesign aso allows areduction in current density which further provides
energy savings. The potential electrical energy savings for an average U.S. industry
aluminum smelting cell is approximately 1.7 Kwh/Ib of aluminum produced if the proposed
technologies are successfully implemented. This savings represents a huge 23% reduction in
the electrical energy used in the smelting process.

2.2 PROPOSED PROGRAM

Our original application addressed advanced development of primary aluminum production
defined in the "Aluminum Industry Technology Roadmap," recognizing industry goals for
U.S. competitiveness through advanced process design and commercialization. Our
objectives were to: Demonstrate advanced materials for inert anodes and wetted cathodes
and an optimum design and process for smelting aluminum by designing, constructing, and
operating advanced bench scale and pilot-scale aluminum smelting cells.

For over 110 years, the aluminum industry has relied on the traditional Hall-Héroult process
for aluminum smelting, which is an extremely energy-intensive industrial process. The
availability of advanced materials and technology have prompted the close examination of
alternative smelting processes that can significantly reduce process energy requirements, thus
reducing production costs and improving the competitiveness of the U.S. aluminum industry
in world markets. Over 4 million tons of aluminum are produced annually by the U.S.
aluminum industry. It isestimated that full-scale commercialization of the advanced process
would reduce process energy consumption by 0.22 quad/yr., save the industry over $440
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million annually, and reduce CO, emissions by 6 million tons per year. If energy savings are
taken by reducing usage of coal fired power plants, total CO, emissions can be reduced by
26.4 million tons per year. These savings would contribute significantly to revitalizing
aluminum production.

Our proposed research effort was predicated on the successful results of previous DOE-
funded research to develop a cermet anode that produces oxygen and a cathode material that
is wetted by aluminum. The previous DOE-Alcoa Cooperative Agreement #DE-PS07-
931D13219 completed a design which produces in excess of a 20% reduction in the electrical
energy used for aluminum smelting (hereinafter referred to as Phase l). Alcoaalso
demonstrated key elements of the overall cell design at bench scale, which provided
confidence of operation at scale-up to a 1-5 kA pilot. Alcoa completed construction of this
pilot cell facility, and ran two pilot cell tests as part of Phaselll.

The objective of Phase Il was to assess the long-term chemical stability of NiO-NiFe,O4-Cu
ceramic-metallic cermet anodes and stable wetted cathodes for energy efficient electrolytic
production of aluminum.

2.3 SUMMARY OF PROPOSED PROJECT

The main purpose of Phase Il was to demonstrate the "best available" and "optimized"
anode and cathode materials and an overall cell design at a scale that minimizes cost, while
providing sufficient size for confident scale-up to a commercial demonstration. Alcoa used
an externally heated pilot scale cell, sized to operate at 1000-5000 amperes. The pilot scale
anode was between a half- to full-scale of acommercial size, depending on the commercial
design adopted. The advanced materials and cell design features tested during Phase 111
included:

» Advanced anode materials and design: considering wear rate, aluminum quality,
thermal stresses, dimensions, collector bar connections, current distribution, and
electrolyte flow;

» Advanced cathode materials and design: considering wetting, dimensions, wear, and
release of carbon; and

* Anode and cathode durability and stability: considering breakage, cell start-up issues,
and metal pad purity.

» Cdl performance: considering voltage drop, current efficiency, current distribution,
current density, and anode-cathode distance;

o Cédll operability: considering length of continuous operation, sludge formation,
aluminafeeding, metal tapping, lid and sidewall design, and material problems,

» Electrode arrangement: considering electrolyte flow, alumina saturation, and
aluminum collection;
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Major objectives for Phase I1l included:

» Céll operability - aminimum of one month of operation with no maor problems such
as sludge formation, difficult metal tapping, electrolyte loss;

» Cdl performance - atotal cell voltage drop less than 3.8 volts at >93% current
efficiency with operation at a 1 in. anode-cathode distance or less;

» Anode performance - breakage (<10%) and metal pad purity (<0.03% Ni, 0.15% Fe &
0.10% Cu);

» Aluminafeed system - maintain aluminawithin a correct range to minimize wear and
sludge formation; and

» Economic assessment of the cell design that gives a 25% ROI based on aretrofit
implementation.

24 PROGRAM RELATION TO ALUMINUM INDUSTRY TECHNOLOGY
ROADMAP

Alcoas project is directly related to the primary aluminum production sector of the
"Aluminum Industry Technology Roadmap." Competitiveness within the primary U.S.
aluminum industry demands the low-cost production of aluminum. The key driversin the
production cost of primary aluminum are energy and production efficiency. Therefore, the
objectives were aligned with the U.S. industry's needs. In addition to low costs, Alcoais
committed to the development of environmentally advantaged processes. The development
of an oxygen producing anode for the Hall-Héroult process would eliminate carbon anode
manufacturing with its production of polyaromatic hydrocarbons and the generation of
CO,/CO during aluminum production and CF4 and C,Fg during anode effect.

3.0 CRITICAL REVIEW OF TECHNOLOGY STATUS
3.1 DOMESTIC TECHNOLOGY STATUS

This section presents Alcoas understanding of the current state of carbon electrode
technology and reviews previous and ongoing research in the areas of oxygen electrodes and
wetted cathodes.

Currently in aluminum processing, the inter-electrode spacing is not constant. The anode
reaction occurs at the bottom of the carbon anode and the cathode reaction occurs at the top
surface of the aluminum pool. The aluminum pool spans the entire bottom cavity of the cell
and is tapped from the cell on aregular basis to keep the height of the pool between three- to
five-inches. Because of high currents in the process (i.e., 150 to 250 KA), large magnetic
fields are produced in the aluminum pool. The combination of the current and the magnetic
field causes the aluminum pool to circulate, resulting in waves forming on the surface of the
aluminum which can extend one inch above the normal height of the aluminum. If an
aluminum surface wave hits an anode, electrical current passes without producing aluminum,
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resulting in amajor loss of power and production efficiency. Because the inter-electrode
space is constantly changing, the anode must be far enough away from the metal surfaceto
avoid contact. Typically thisdistanceisabout 4.4 cm (1.751n.). A cathode material that is
wetted by aluminum and will drain such that the thickness of the remaining aluminum pool is
lessthan 0.3 cm (0.125in.), would eliminate the formation of waves. With a stable cathode
surface, the constraint on the distance between the anode and cathode is eliminated,
permitting the reduction of the spacing and the potential to improve power and production
efficiency.

Anode changing can also cause waves on the aluminum surface of acell that uses a deep
metal pad. Because the anodes are consumed, they must be replaced every two weeks. This
causes upsets in the distribution of the current, thermal field, and magnetic field in the cell.
Upsets of thistype initiate waves that result in a constantly changing spacing between the
anode and cathode.

Combining an oxygen-generating anode, which has alife over one year, and a wetted cathode
with athin aluminum film that can be drained, results in a stable distance between the anode
and cathode. This outcome, therefore, will achieve major improvements in energy and
productivity efficiency for the Hall-Héroult cell.

* Many federd, industrial, and academic research and development activities have been
conducted, including: "Oxygen Electrodes for Aluminum Smelting,” DOE-Alcoa
Cooperative Agreement, 1980-1985;

* "Improvement of the Alcoa Cermet Anode Developed under the 1980-1985 Alcoa-
DOE Cooperative Agreement,” Pacific North West Laboratories (PNL);

* "Research on CEROX™ Coatings for Cermet Anodes," Eltech Research Corporation;

» "Testsof aPrototype Cermet Anode at 120 A," PNL - Reynolds Metals;

* "Pilot Scale Tests Aimed at Assessing Anode Manufacturing and Stability,” Reynolds
Metals, Eltech Research Corporation, and Ceramic Magnetics Inc.;

* "Water Models of Cell Concepts for Improved Electrolyte Flow," University of
Cdlifornia, Berkeley;

* "Programsfor TiB,-G Composite for Wetted Cathodes," Reynolds Metals and Great
Lakes Carbon;

» "Materialsand Cell Design for a Wetted Cathode," Comalco;

» "Studies of Low Temperature Slurry Electrolysis," Electrochemica Technology Inc.;
and

* "Low Temperature Salt Systems for the Cermet Anode," DOE-Alcoa.

Summaries of selected research efforts, including the critical features leading to the current
understanding of the technology are presented below.
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3.1.1 Oxygen Electrodesfor Aluminum Smelting, DOE-Alcoa Cooper ative Agreement,
1980-1985

The cermet anode, a key element of this program, was developed during the DOE Alcoa
cooperative program between 1980-1985. The material is made of a mixed oxide ceramic
and metal constituents, as the name implies. The mixed oxide phase contains NiyFez xOg,
NiyFe;.yO and the metallic phase is a Cu rich phase containing a Cu-Ni-Fe alloy. The
motivation behind the cermet formulation was combining the characteristics of high
corrosion and oxidation resistance of a ceramic with a metallic phase to improve electrical
conductivity, thermal shock resistance, and the ability to make connections to metal
conductors. Other technologies developed during the cooperative agreement were processes
for anode manufacturing (forming and sintering) and the cermet to metal conductor
connections.

During this program, anodes were tested in commercial Hall-Héroult conditions at 60 A (at
1.0 A/cm?2) for 265 hours. Two critical tests of anode performance were the purity of the
aluminum produced and anode wear. These tests showed that the Cu-cermet performed the
best. The purity of the auminum produced was 0.19% Fe, 0.18% Ni, 0.10% Cu. The anode
wear rate was estimated at 1.8 cm/yr (0.70 in./yr). This material contained 17% Cu and an
oxide powder that contained 51.7% NiO and 48.3% Fe,O3. The oxide powder was
designated 5324. The cermet was called 5324-17Cu.

It was believed that under optimum conditions, the cermet anode develops a passivating layer
which leads to superior corrosion resistance. Cermet material fabrication practices and cell
operating conditions can radically change the anodes' performance. These are the two
important reasons why the cermet corrosion has varied so dramatically in previous tests.

3.1.2 Improvement of the Alcoa Cermet Anode - Pacific Northwest L aboratory
Program

At the end of the Alcoa-DOE 1980-1985 cooperative program, PNL, under DOE contract
continued the development of the cermet anode. Emphasiswas in the following areas. 1)
anode material development and evaluation; 2) development of wetted cathode materials; and
3) sensor development. The objective of the PNL cermet anode program was to further
improve the corrosion performance and electrical conductivity of the cermet anode. PNL
investigators experimented with compositional changes to the anode. Additions of aluminum
were found to improve the electrical conductivity of the cermet significantly, but the
corrosion performance of the anode degraded. PNL scientists recommended the 5324-17 Cu
material developed by Alcoa as the preferred material for future cell studies. During the PNL
work, the importance of controlling cell operating conditions on anode performance was
recognized to be vitally important. The main concerns were the control of alumina and

el ectrolyte composition.
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PNL staff also evaluated wetted cathode materials. The materials tested were Alcoa-
fabricated TiB, parts, Great Lakes TiB,-G plates; and a TiB,-based paint coating. Attempts
also were made to produce in-situ TiB; coating. The best results were obtained with Alcoa
sintered TiB, parts produced from TiB, powders produced by plasma processing. During this
program the TiB,-G produced mixed results. Thiswas believed to be due to material and
fabrication inconsistencies. But in recent long-term pilot tests at the Reynolds Metals
Laboratories, TiB,-G has performed very well. TiB,-G isthe preferred material today for
wetted cathodes, however its cost is extremely high.

Aluminacontrol in cells that used cermet anodesis very important. At low alumina
concentration, the corrosion resistance of the anode degrades. Recently, Alcoa has developed
amethod for rapidly measuring alumina, which will be used to control alumina composition
in the Phase l11 cell tests.

3.1.3 Research on CEROX™ Coatingsfor Cermet Anodes, Eltech Research
Corporation

The Eltech program focused on the development of a coating to improve the corrosion
performance of the cermet anode. Eltech demonstrated that the addition of cerium fluoride to
the oxyfluoride electrolyte formed a cerium-oxyfluoride coating (CEROX ™) on the cermet
anode. Corrosion tests conducted with and without cerium fluoride in the electrolyte showed
substantial gainsin the purity of the metal produced with cerium present, excluding increased
cerium concentrations. However, the coating was not a good conductor, and therefore control
of coating thickness was an important factor for achieving adequate current distribution, and
minimizing the overall anode voltage drop. Poor current distribution and excessive anode
voltage were found to degrade the anode corrosion performance and overall cell performance.
A critical additional issue with this technology was the reaction of cerium fluoride with
auminum. Thisreaction formed cerium metal which reports to the aluminum pool and isan
impurity in primary aluminum.

3.1.4 Testsof aPrototype Anode at 120 A, PNL and Reynolds Metals

The primary objective of this test was to determine if acommercially produced anode could
survive normal Hall-Héroult cell conditions. The anode material was the Alcoa cermet. It
was 15 cm in diameter and 20 cm high. The anode was operated at 0.50 A/cm2, about 120 A.
The main conclusions from this study were as follows:

» Corrosion of the anode was higher than expected, after 120 hours of electrolysis,
6 mm were |ost from the diameter of the anode;
» Oxidation of the cermet above the electrolyte was extensive,
» High cathode arearelative to the anode area may have increased anode corrosion; and
» Mismatch of thermal expansion between the anode and the metallic conductor caused
cracks in the anode.
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3.1.5 Operational Results of Cermet Anodesin a Pilot Scale Test, Reynolds, Eltech,
PNL, and Ceramics M agnetics

The main objectives of this program were to demonstrate cermet manufacturing capabilities
and test the cermet in acommercial anode configuration. The tests were conducted in an
internally heated cell using a six-cermet anode array as a replacement for a standard Hall cell
anode. The goal wasto maintain 90 A per anode and 540 A for the six-anode array. The
energy generated through electrolysis by the cermet anodes alone was not sufficient to
achieve acell energy balance at the desired operating temperature. Auxiliary energy was
supplied by electrolysis between an adjacent carbon anode and an aluminum pool common to
the carbon and cermet anodes. The carbon anode supplied most of the thermal energy
required for cell operation. Tests of cerium free and cerium fluoride containing electrolytes
were conducted. The anode material of choice for this test was the cermet developed by
Alcoa during the 1980-1985 DOE cooperative agreement. Issuesidentified include:

» Anode breakage and cracks caused by the conductor to anode connection need to be
corrected;

* Anode design must incorporate good current distribution and stress management;

* A Hall-Héroult cdll that will operate near alumina saturation and not be operationally
limited by muck formation is essential;

e Carbon anodes should not be used as auxiliary anodes to achieve the cell energy
balance; and

» The composition, microstructure, and properties of commercial anodes should be the
same as those achieved at a bench scale.

3.1.6 Assessment of New Cell Concepts, University of California at Berkeley

The objective of this program was to assess the design of new cell concepts for use with an
oxygen producing anode and a wetted cathode. This study listed three critical factors that
must be considered in the design of such acell:

» Sufficient electrolyte velocity in the inter-electrode space to suspend and dissolve
aluming;

» Adeguate electrolyte velocity to achieve anegligible drop in aumina concentration
from inlet to outlet of the inter-electrode space; while

e Minimizing fluid turbulence which influences reoxidation of aluminum.

Physical modeling was used to determine the influence of el ectrode orientation (horizontal
versus vertical), the use and geometry of groovesin the anode, and the use of flow enhancers
on the velocity, turbulence and ohmic losses in the inter-electrode space. The major findings
were;

» The use and shape of grooves in the anode significantly influences the ohmic
resistance in the inter-electrode space caused by gas evolution at the anode;
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* Ananode without grooves operated in a horizontal configuration did not provide
sufficient electrolyte velocity to keep alumina suspended;

» The near vertical electrode configuration had recirculating loops near the outlet flow
from the inter-electrode space that would enhance reoxidation of aluminum; and

» The near horizontal electrode configuration was recommended because it minimized
recirculation, achieved an adequate velocity, and because it reduced the ohmic gas
resistance in the inter-electrode space with properly designed grooves.

The previous research review clearly shows the need for a design phase to address anode
design, cathode design, cell design, flow design and cell control. Phase | accomplished this
goal.

3.2 WORLDWIDE TECHNOLOGY STATUS
3.2.1 Development of TINOR Coating and Novanor Inert Anode —Moltech

Moltech has been aggressively investigating many new materials to improve cell performance
or lifetime, and two are of interest. TINOR isMoltech's TiB, coating used to produce a
wettable cathode. Moltech hasinstalled test coatings in eight smelters worldwide. Chemical
analysisindicates that the coating lasts about three years (from Ti and B analysesin the
tapped Al). Preliminary results show a dramatic reduction in Na uptake by the carbon
cathode. If thislower Na uptake translates into less cathode growth, then the life of the pot
should increase. Moltech has secured a $4 million contract from the European Commission
to test apilot scale TINOR coated drained cell with conventional carbon anodes. Novanor,
Moltech'sinert anode, is the second material that relates to advanced cell concepts. Ina
recent paper, Sekhar et al. describe Moltech's research on a series of progressively more
complex metal alloys as they attempt to develop an inert (stable, nonconsummable) anode.

3.2.2 Plant Testing of TiB, - Carbon Coating in Drained Cells— Comalco

Comalco has been testing their TiB, cathode coating in drained cells in one of their smelters
for about 10 years. Comalco's coating isamixture of TiB, and C produced by baking out a
mixture of TiB, and a carbonaceous cement. The coating permits good wetting of the Al and
close anode-cathode distance in their drained cells. Coating life appearsto be the problem as
the Al metal pad apparently reacts with the carbon portion of the cement to produce Al4Cs.
Thus the carbon portion of the coating slowly disappears; simultaneously releasing the TiB»
particles. The coating typically lasts 700 days~ Once the coating is gone, the Al rapidly
reacts with the carbon underneath leading to cell failure. Until Comalco can increase the
lifetime of their coating, it does not appear that they can expand their test beyond the limited
group of test pots.

1 G.D. Brown et d., “TiB, Coated Aluminum Reduction Cells; Status and Future Direction of Coated Cellsin
Comalco,” Proceedings of the 6™ Australian Aluminum Smelting Workshop, 1998, edited by B. J. James, M.
Skyllas-Kazacos, and B. J. Welch.
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4.0 PROJECT DESCRIPTION
4.1 INTRODUCTION
Our objectivesin this program were to:

» Demonstrate advanced materials for inert anodes and wetted cathodes and an
optimum design and process for smelting aluminum by designing, constructing, and
operating advanced bench scale and pilot-scale aluminum smelting cells;

» Develop advanced materials which can be used to produce cost effective inert anode
and wetted cathodes for Alcoa's optimum cell design;

» Develop advanced materials and concepts for insulated lid and sidewall;

»  Operate within all contractual, professional, regulatory, and policy guidelines
established by DOE; and

* Apply the highest level of academic and professional credentias, organizational
quality, and corporate commitment to the conduct of all task assignments.

4.2 PROPOSED CONCEPTS (ALUMINUM PARTNERSHIPS)

Alcoas cell concept uses vertical parallel plates with reduced anode to cathode spacing and
reduced current density on the plates to achieve significant energy savings. Alcoas energy
efficient cell concept is predicted to be capable of reducing the electrical energy intensity of
auminum production from 15.8 Kwh/kg to 12.1 Kwh/kg. Thisis better than the short-term
performance target for the Primary Products Sector of 13 Kwh/kg defined in Exhibit 12 of the
Aluminum Technology Roadmap Workshop Report. It isamaor step toward achieving the
long-term performance target of 11.0 Kwh/kg. It istheoretically possible for Alcoa's concept
to eventually achieve the long-term objective of 11.0 Kwh/kg, which requires atotal cell
voltage reduction from 3.8 voltsto 3.4 volts and minimal heat losses. The cell technology
would have to be advanced using Alcoa proprietary concepts to include an inert sidewall,
high conductivity anodes with low corrosion rates, an anode to cathode distance reduction
from 1.0 inch to approximately 0.5 inch (depending on further current distribution modeling),
optimization of electrolyte chemistry and operating temperature, and elimination of some

el ectrode penetrations by creating compartments within the cell.

Alcoa's energy efficient cell concept also will eliminate anode carbon, CO,/CO emissions
during smelting, and the generation of perfluorocarbons (PFCs). Since this cell concept
produces oxygen instead of CO,/CO, thereis potential to concentrate this material for sale as
avaluable byproduct. These are all performance targets for the Primary Products Sector
defined in Exhibit 12. Thiscell concept has the potential for reducing the cost of aluminum
production by over 13% based on Phase | calculations. These do not include the
aforementioned advanced concepts for reducing cell voltage, byproduct credit for oxygen, or
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capital implications. The projected reduction if realized would be a major step toward the
Exhibit 12 performance target of a 25% reduction in the cost of aluminum reduction.

4.3 TECHNICAL FEASIBILITY AND TARGETS

The aluminum industry has known for some time that reducing the anode-to-cathode distance
and/or providing high electrode surface areain Hall-Héroult cellsisthe logical approach to
conserve energy in aluminum production. Using cermet anodes and stable cathodes in
synergism in Alcoa's energy efficient cell concept will revolutionize the production of
aluminum by dramatically reducing energy costs and/or increasing productivity, and
eliminating the carbon plant. Currently, an inert anode cell for aluminum production is not
economical because anode wear rate and subsequent aluminum contamination is too high,
and because of the high capital investment necessary for anode and cathode materials.

The deliverables for Phase 111 are bench scale and pilot scale demonstrations proving:

* Meta purity acceptable as Alcoacommercia quality aluminum with proposed limits
of 0.15% Fe, <0.03% Ni, 0.10% Cu, Si <0.10% and the total of all other metals being
<0.055%;

» Cost effective anode and cathode materials and designs

* Projections for electrodes lifetimes of 1000 days and other materials (sidewall, lid,
and bottom) lifetimes of at least 1300 days;

* Anaverage current efficiency of 93% and 3.8 volt anode to cathode potential drop at a
superficial anode current density of at least 0.8 amperes/cmz2;

e 1.7 Kwh/lb. energy savings,

* A magor reduction in CO/CO, and fluoride emissions; and

* A 25% return on assets.

4.4 HURDLESTO BE OVERCOME BY THE PROPOSED R&D

It iscritical that anode corrosion be reduced to meet metal purity requirements. The proposed
materials research will optimize the metal phase amount and composition and the ceramic
phase composition. Advanced material concepts will also be considered. This coupled with
an optimized cell design is expected to reduce anode corrosion by at least afactor of 3. The
preferred concept is capable of accommodating advanced materials and designs for achieving
this goal; and continued bench scale and pilot scale research with Alcoa's concept will
address this problem. Design features of the energy efficient cell, which are relevant, follow:

» Thecirculation design provides aregion of intense mixing for dissolving aluminafeed
which will help achieve nearly saturated bath which reduces anode corrosion;

» Thecirculation design gives sufficient flow into each array of vertical platesto prevent
significant depletion of alumina but at low velocities such that anode corrosion is not
enhanced and current efficiency is not decreased; and
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» Thecirculation design provides locations for gettering bath impurities and sludge
before entering the el ectrode compartment or metal pad to improve metal purity.

Alcoa has worked with DOE to develop and advance cermet anode materials and has worked
internally on novel materials for stable cathodes for this particular process. Alcoaisinthe
position to immediately focus its efforts on optimizing, testing and producing more cost-
effective materials and the development of an energy and production efficient aluminum
smelting process. Alcoas general approach, which is covered in Section 4, includes a
roadmap of major activities, decision points, and task interrelationships.

45 ECONOMIC BENEFITS

During Phase |, a cost model was developed for afive-line 131 kiloampere (kA) Alcoa
smelting plant. The model was constructed to compare the conventional smelting process and
a selected energy efficient cell concept. The primary measurement criteriais cash cost
difference per pound of aluminum. The comparison is based on materia cost and consumption
and with savingsin energy and labor. Several of the basic support servicesin the conventional
process remain the same in the energy efficient concept.

Table 3-1 gives the base case for the economic assessment and the associated incremental
savings for an Energy Efficient Cell Concept that was completed during Phasel. This estimate
isbased on aretrofit scenario and does not include capital cost. The cost of electrode
assemblies and refractories for cell relining are built into the R&M costs. Cell design
modifications to convert cells from conventional to energy efficient were too preliminary to
make reasonable capital estimates. Capital implicationswill beincluded in the Phase Il
economic assessment and will be aided by the experience of the pilot cell construction.

BASIS SAVINGS ($/Ib. Al)
Base Case

Anode life of 1095 days,

Cdll life of 2000 days,

$35/1b 5/8" thick TiB, cathode plates (recycled),
17% Cu cermet anode with 0.7" wear/yr.

Differential material cost (0.002)
1.3 Kwh/Ib savings at 20 mil power cost 0.026
Elimination of carbon - labor savings 0.024
Total Base Case Savings 0.048
Other Benefits

$10/Ib 5/8" thick TiB, cathode plates (recycled) 0.011
20% increase in capacity with 27% Cu anode 0.012
Total Savings 0.071

Table4-1: Base Casefor Economic and Savings Assessment
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As shown, the project cash cost savings of this Phase | cell design is between 5¢ to 7¢ per
pound of auminum, without capital implications. These cost and energy savings also would
affect the nation economically. Lowering the cost of aluminum production will increase the
industry’ s competitiveness in U.S. markets, thereby increasing production requirements and
direct industry employment. Secondary benefits are the energy savings and socioeconomic
improvements that can result from the use of aluminum for energy savingsin the U.S.
transportation industry. Taken together, the technological, energy, environmental and
socioeconomic benefits that may result from commercializing advanced aluminum production
will significantly improve the competitiveness of the U.S. aluminum industry. Because Alcoa
isone of the major stakeholders in the aluminum industry, we are committed to bringing this
advanced process to full commercialization, and improving the viability of the U.S. aluminum
industry.

4.6 ENERGY SAVINGS

One of the major incentives for conducting research in this areais the potential savings that
can be achieved in energy efficiency. With the oxygen anode and a drained, wetted cathode,
adimensionally stable inter-electrode spacing will be created. Thiswill permit asmaller
distance between the anode and cathode. The pot stability and reduction in anode and
cathode space alows for major improvements in energy and productivity efficiency. Past
work on this project by Alcoa has shown that if the anode/cathode distance could be reduced
to 0.75 inches compared to the present 1.75 inches, a 23% decrease in energy requirements
could be achieved. Additiona energy savings may result from improved current efficiency
and possibly lower pollution control energy.

In Phase |, the goal of the thermal design of the Energy Efficient Aluminum Smelting Cell
that uses an oxygen generating anode and a wetted cathode was to specify acell lining and
operating conditions that minimize heat osses while maintaining cell productivity and
operability. The information devel oped was used to establish material requirements, energy
needs and cell productivity for economic assessment of the design. To evaluate different
commercia design concepts, Alcoa’s proprietary cell energy balance computer model, called
HTBAL2d, was used. The commercial design resulting from the modeling work features a
highly insulated cell operating at 3.8 volts. Comparative energy efficiencies are summarized
in Table 3-2 below. Depending on the basis used for comparison, energy savings between
17% and 38% are realized for Alcoa Hall cells with the new design. Thisdesign is based on
an anode/cathode distance of 1.0 inch (and areduced current density between vertical plates)
which is conservative compared to the 0.75 inch spacing used in prior work. Another
estimate was made based on an average domestic industry consumption of 7.2 Kwh/Ib of
aluminum and assuming carbon baking energy requirements and usage are similar to Alcoas.
That table is aso shown below. The differencein total thermal energy from the environment
in thelast table is 7.8 kW, which is equivalent to 2.34 kW of electrical energy at a power
plant efficiency of 30%.
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% Savings
Alcoa Hall Inert Anode| With Inert
Basis For Comparison (Kwh/Ib) (Kwh/Ib) Anode
Elect. Energy at Pot 6.69 5.52 17%
Total Energy to Potrooms 8.36 5.52 34%
Total Energy to Smelter 8.89 5.52 38%
Total Energy from Environment 24.5 18.4 25%
Inert % Savings
USA Hall Anode With Inert
Basis For Comparison (Kwh/Ib) (Kwh/Ib) Anode
Elect. Energy at Pot 7.2 5.52 23%
(1.7 KW)
Total Energy to Potrooms 8.87 5.52 38%
Total Energy to Smelter 94 5.52 41%
Total Energy from Environment 26.2 18.4 30%

Table4-2: Summary of Energy Efficiencies

It has been projected by DOE that the use of cermet anodes or stable cathodes would result in
savings of approximately 1 Kwh/lb of produced aluminum. In addition, if cermet anodes and
stable cathodes were used together, DOE projects that an energy savings of 2.4 Kwh/Ib of
produced aluminum could be realized. A substantial national energy savings of .22 quad/year
could be realized, assuming a current average use of 7.2 Kwh/Ib with a national production of
4 million metric ton/year.

In terms of national electricity consumption, the potential savings resulting from full
commercialization is significant. For example, the aluminum industry currently consumes
approximately 2.3% of the nation’s electricity for aluminum smelting. Full
commercialization of advanced production technology could realize a 30% savings, reducing
consumption to approximately 1.6% of the nation’s electricity.

4.7 ENVIRONMENTAL BENEFITS
The environmental benefits for the preferred energy efficient cell concept are asfollows:

» Elimination of carbon anodes eliminates carbon monoxide, carbon dioxide, and
fluorocarbons;

» Top entry electrodes and titanium diboride coatings and minimal current to sidewall
and bottom of cell will reduce sodium and bath penetration and cyanide formation
with the potential to eliminate these problems; and

o Stable electrodes and stable cell operations will reduce fluoride and dust emissions
with significant improvements in environmental impact, safety, and working
environment with the potential to eliminate fluoride emissions.
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If energy savings are taken by reducing usage of coal fired power plants, total CO, emissions
can be reduced by 26.4 million tons per year.

4.7.1 Air Pollutants

Historically, the production of green anodes from carbon and petroleum-based materials and
the calcination of those anodes in commercial aluminum production has been associated with
certain air contaminants. The proposed change in producing anode raw materials from a
carbon to a ceramic/metallic base, would eliminate the emission of these contaminants. If the
production of green anodes/anode calcination were eliminated, the air contaminants
associated with those processes such as dust, tar volatiles, tar particles, gaseous and
particulate fluoride, CO, CO,, SO,, and NOx would likewise be eliminated. In addition, the
use of carbon anodes is responsible for air contaminants in the smelting process aswell. If
carbon anodes were no longer used in smelting, the contaminants CO, CO,, SO,, PAH, CF4
(during anode effect) and some fluorides would be eliminated.

Since the oxygen anode is expected to last roughly 25 times longer than the carbon anode,
there will be lessintrusion into the pot to replace them, alowing for less fluoride to escape
during thisdisruption. Lessdisruptions (i.e., pot crust breakage and pot cover removal)
should substantially lower the facilities’ overall fluoride emissions.

In the scenario where Alcoawould build acommercial oxygen anode facility, certain air
contaminants would be expected. The processing steps for manufacturing oxygen anodes are
grinding, mixing, calcining, blending, and burn off of the organic binder that isused as a
consolidation aid for the Fe;,O3, NiO, and Cu powders. Each of these unit processes would
need to be evaluated regarding nickel compounds, which are listed carcinogens and also
Hazardous Air Pollutants under the 1990 Clean Air Act Amendments. One redeeming
feature about the air emissions in the case of the oxygen anode isthat virtualy all of the
emissions will bein the form of metal and ceramic particulates for which there are well
developed control technologies. Further, all of Alcoa s facilities are equipped with these
control technologies, and we are familiar with the requirements and control specifications.

One process that will require attention will be the burn off of the organic binder, whichis
used as an aid to form the cermet material. Current binder systems include industry staples
such as PVA, PVB, and Carbowax. Since these binders are used extensively, air pollution
control systems should be readily available for the organic emissions.

The cermet anode will generate large amounts of oxygen and there are expectations that the
cell design could be enclosed to capture this oxygen as a valuable by-product. The enclosure
would allow for a more pure by-product and would decrease the generation of fluorides
(through less fluoride equilibriating with the anode gas). However, atechnical hurdle must
be overcome to alow for the pot enclosure. For instance, the current anode gas system
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allowsfor vital pot structure cooling and there are handling problems associated with
relatively pure sources of oxygen at the elevated temperatures of pot exhausts.

Another issueisthat the oxygen anode facilities will most likely represent a new source
and/or major modification within the aluminum industry. New sources of air emissions are
generaly required to meet more rigorous permitting standards for New Source Performance
Standards (NSPS) or New Source Review (NSR). Associated emissions will require better
control technologies and in many cases longer lead times for permit approvals.

At the project level, it is anticipated that associated emissions will require a state permit.
Alcoaisthoroughly familiar with the Pennsylvania permitting reguirements so that all project
activitieswill be in compliance from the project’ sinitiation.

4.7.2 Solid Waste

With the curtailment of carbon anode operations, certain carbon plant solid wastes would be
eliminated. For carbon anode facilities with wet scrubbers, the wet scrubber sludge would be
eliminated. Analogoudly, for those plants that have dry scrubbers, solid dry scrubber waste
would be eliminated. Additionally, many carbon plants generate refractory brick from the
calcining operation, rod blast collector catch, butt blast collector catch, waste coal tar pitch,
and dust collector bags,; and these would likewise be eliminated. Typica carbon anode
production processes generate thousands of tons of the above wastes per year. Much of the
waste is sought for beneficial use because of its carbon or fuel value. Many facilities have
programs to dispose of these materials through cement kilns or through other recovery
processes.

With the production of cermet anodes for commercial production there will be some solid
wastes generated. These wastes include waste ceramic materials, nickel and iron wastes, and
off-specification and used anode material. According to the Resource Conservation and
Recovery Act, these wastes should be non-hazardous industrial waste. However, with the
concerns raised about nickel compounds, these materials will need to be handled to ensure
proper industrial hygiene and environmental protection.

Similar to the air permit discussed above, it islikely that even at this pilot project level, an
industrial waste disposal permit will be required from the state. Alcoaworks continually
with the Pennsylvania environmental regulations, is thoroughly familiar with the procedures,
and ensures that applicable permits will be received prior to the Program’ s implementation.

4.7.3 Changes|n Hazardous Waste
Barring incidental use of extraneous materials (i.e., solvents for clean-up), virtualy all of the
waste materials generated from the carbon anode processes are considered non-hazardous

industrial waste. According to the Resource Conservation and Recovery Act, the solid
wastes associated with commercializing this advanced aluminum production technology
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would be classified as non-hazardous. However, certain states (and EPA) havetried to list
nickel compounds in the toxicity characteristic for determining whether a waste is hazardous.
These efforts should be reviewed.

4.7.4 Chemical Storage/Use

Carbon anode facilities store large amounts of petroleum coke and pitch. The coke material
is conveyed by screw conveyers or pneumatically blown into large (i.e., 200,000 gal.) tanks
or silos and the pitch is received generally in liquid-form from railroad cars and stored for use
in 100,000 gal. above-ground storage tanks. The coke causes dusting during various
conveyance and handling activities and the liquid pitch has the potential to spill while being
unloaded or stored. "Green" anodes have the potential to leach organic constituents and must
be stored in amanner that restricts contact with water. Likewise, the anode "butts" and "fish
butts" can leach organic and inorganic contaminants and must be stored under roof.

At acommercia scale, certain storage and use precautions would need to be implemented.
The nickel compounds must be stored in a manner which precludes dusting and skin contact.
One way to diminish the effect of the nickel compounds s to buy the powder in mixed (with
iron compounds) forms. Another way isto store the nickel and other metals and dustsin
closed containers. Generally material storage will be less encompassing than for the carbon
anodes because many fewer oxygen anodes will be needed for smelting operations.

5.0RESULTS
5.1 RESULTSOF PHASESI| AND 11

During Phase | of the present program Alcoa developed acommercia cell concept that has
been estimated to save 30% of the energy required for aluminum smelting, starting from
fossil fuel. The concept has been designed into a vertically arranged anode-cathode
assembly, Figure 5.1-1. Animproved cermet anode composition was also developed that has
an electrical conductivity an order of magnitude greater than the previous composition.

Initial tests on the corrosion performance of the material were encouraging. The high
conductivity will provide opportunities for increases in cell capacity while maintaining
energy savings, thus creating greater economic value. During Phase | the pilot cell design
was also developed and key components of the design tested.
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Figureb5.1-1: Vertically Arranged Anode-Cathode Assembly

During Phase I1, construction of the pilot cell facility, joining of the anodes to metal
connectors, fabrication of the anode modules, and installation of all cell internals were
completed. The original method for joining the anode to the connector did not work and an
aternative was successfully developed. Joining of the cermet anode to a nickel connector
was accomplished by reducing the ceramic (oxide) portion of the anode to form a metal aloy
in ashort section at the top of the anode plate. Thiswas then diffusion welded to the nickel
connector. Thefirst pilot cell run was made in December, 1997. The electrolyte was melted
in a separate furnace and transferred into the cell by pressure tapping. Initialy, the
equilibrium potential obtained by volt-amp curves was too low indicating a problem such as
aluminum on the anode or alower voltage reaction. For one module, this was corrected by
argon lancing of the electrode plates and compartments. Thetotal cell resistance was then
lower than expected corresponding to atotal cell voltage drop ranging from 2.95 voltsto 3.67
volts compared to the program objective of 3.8 voltsor less. If acommercial cell current
efficiency >93% can be projected from pilot cell operations, the energy savings objective can
be met. Cell dudging precluded an adequate determination of current efficiency from this
first pilot cell test. Current efficiency was crudely estimated for 6 hours of the first test to be
78% to 87% by alumina depletion. For this scale unit, thisisagood result. Therewas no
indication of any high voltage problems. Thisimpliesthat all critical interfaces had low
voltage drops. Thiswould include the oxygen gas film at the anode, cathode over potential,
cathode connector to molten aluminum interface, the reduced alloy at the top of the cermet
anode, and anode connector welds. The anodes, anode modules, cathode plates, and
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Monofrax side walls maintained structural and dimensional integrity during startup and
operation. One module operated periodically at 2.5 times nominal current without known
thermal shock failure of anodes or support structure. The electrolyte level was maintained by
aluminum fluoride additions to correct for vapor losses and did not require the sodium
fluoride additions used in aHall cell. Thisindicates minimal sodium and electrolyte
penetration of the crucible.

Power to the pilot cell was provided by low voltage heaters in the thick side wall of alarge
graphite crucible with heat transfer primarily through the high thermal conductivity bottom
into the cell. The design also included awell insulated lid. The unit demonstrated a
maximum bath temperature capability of at least 976°C, and the cell operated without a top
crust until sludging became a problem. Thisindicates low heat |osses from the top as
required to achieve the energy savings objectives of the program. Ancillary equipment for
the pilot cell facility including the electrolyte melting furnace, the transfer line and power
supplies all worked well.

The objectives of Phase 1l were to develop higher performance and lower cost materials for
both the anode and cathode, to maximize the economic impact and to address any operating
or design concerns at the end of Phase Il.

5.2 STATEMENT OF OBJECTIVESFOR PHASE 111

The objective was to develop a high level of confidence in the commercia viability of an
"Energy Efficient Aluminum Production Cell" through advances in anode and cathode
materials which are proven by bench scale and pilot scale demonstrations that use O,
evolving anodes and wetted cathodes to achieve a 30% reduction in the energy usage.
Success was to be based on cell operability, metal composition, anode wear rate, energy
efficiency, and economic and environmental viability.

5.3 RESULTSOF PHASE I11

Results will be reported by task. The original task statement will be at the beginning of each
task in bold. Results and conclusions within each task will follow.

TASK 1: PLANNING AND MANAGEMENT

Thistask will providefor the project direction, planning, scheduling, monitoring, and
reporting of technical and financial statusduring all of Phaselll. Statusreportsat six-
month intervals of the project will bewritten. Individual topical reportswill be
prepared asindicated in thetasksfor Phaselll, and an overall Phaselll Report will be
written.

An anode manufacturing team was formed to establish a program for development of the next
generation anode design. Team memberswere S. Ray, D. Roha, L. D'Astolfo and M. Bruno.
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Critical characteristics and related tasks were identified relative to anode robustness, rod and
joint design, bath circulation, and anode design.

The team met and reviewed the Phase | report which categorized and ranked the many
characteristics and properties both of the anode and the cell design which impact anode
performance. Anode properties such as electrical conductivity and thermal expansion were
assessed to minimize heat generation within the anode and to make any thermal expansion
changes compatible with the joint design. Rod and joint designs were evaluated to produce
minimum stress on the cermet portion of the anode. Slotting of the anodes was incorporated
to enhance circulation and thus gas bubble removal and aso alumina supply to the anode.

Quarterly reports were written to update progress on the project. Annual reports were written
that summarized the work of each of the first two years. This report constitutes the overall
Phase I11 report mentioned above.

Task 1.1 — Safety and Industrial Hygiene

Therewas no specific task on safety and industrial hygiene. However, concer ns about
the possibility of a thermitereaction if the anode contacted the molten aluminum led to
anumber of experimentsto understand the hazard. Other miscellaneous safety and
industrial hygiene activitieswill also bereported here.

The objective of the thermitereaction program wasto access the severity of possible
reactionsthat could occur duringthe operation of inert anodesin an electrolytic cell
environment and determine if these reactions could be modified or controlled so that
the cell could be operated safely.

A walk-in hood was installed and put into operation with the necessary electrolysis cell,
electrical outlets, exhaust stack, data logging system, lights, power supply, safety doors,
anode positioning cylinders, air stream monitor, and video camera.

Pencil anodes were mounted on a stand that can be lowered into the electrolysis cell whereby
the depth and speed of lowering can be controlled. The electrolysis cell wasinitially run
under normal parameters for pencil anodes. The voltage to the anode was increased to
overheat the anode to determine if and when areaction could be set off. The following
anodes have been tested:

1. Regular length pencil anodes in bath/metal electrolysis cell.

2. Regular length pencil anodesin an electrolysis cell without bath.

3. Pencil anodes shortened to 1 inch with a cone shaped end in an electrolysis cell
without bath.

4. Pencil anodes shortened to 1 inch with a square cylinder end in an electrolysis cell
without bath.
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5. Larger diameter (~1.5 inches) with a~1.5 inch anode portion with a cone-shaped end
in an electrolysis cell without bath.

The regular length pencil anodes were run with increasing currents until the anodes failed.
The high current density was concentrated in the interior of the anode about 1 inch from the
connection with the electrode rod and resulted in the anode heating to its melting temperature
(~1650°C). The anode broke off from the connection and fell into the metal pad of the
electrolysis cell without causing a thermite reaction to initiate. In general the anodes failed
after the current had been elevated to 200 amps or higher. The metal and anode temperatures
were increased dightly to above 1000°C. No thermal spikes were observed when the anodes
fell into the metal.

Short anodes with the cone-shaped end were run by contacting the end of the anode with the
metal to obtain current and then increasing the voltage to heat the anode surface to high
temperatures. The surface of the short anode heated to high temperatures to the point where
the end of the anode failed by melting. Very small flashes were seen but were not repeatable
when the anode was raised out of and lowered back into the metal.

Short anodes with the square cylindrical end were tested by contacting the aluminum with the
flat end to complete the circuit. The voltage was increased to bring the current to 100 amps.
This condition was held for several minutes and then the current was increased to 200 to

250 amps. The current density would have been ~190 amp/cm2. The anode was monitored
for itsvisible heat emission. The anode was plunged into the metal after the anode had
reached a glowing "white" heat condition. The thermite reaction wasinitiated and lasted
about 1 second. Inspection of the anodes tested in this manner shows that all of the cermet
material was consumed in the thermite reaction. The thermocouples placed in the metal and
next to the anode recorded sharp rises in temperature. In one experiment the measured metal
temperature rose from 930 to 959°C and the anode temperature rose from ~980 to 1570°C.
The anode temperature on the surface was obviously much higher than 980°C as it was
glowing "white" hot and is estimated to have been above 1500°C. The amount of metal used
in these experiments was 350 grams and it is estimated that the anode stub weighed

~18 grams. Experiments to set the thermite reaction off with a similar sized anode in 800
grams of metal were not successful. The mass ratios of metal to anode may be critical to
initiating and sustaining the thermite reaction as the metal acts as a heat sink to the hot anode.

The larger anode shape (1.5 inch diameter by ~1.5 inch length) was heated by the same
procedure. Repeated attempts to get the anode hot enough to initiate a thermite reaction
failed. The maximum current possible with the power supply is ~600 amps with aresulting
current density of ~50 amps/cm?2.

The shorting of an anode to the metal pad was simulated. Thermite ignition temperature
(1400°C) was achieved in less than 20 s for some cases. The fuse inside the Inconel tube
does not see these high and localized temperatures until at least 5 minutes (maybe more)
later.
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Thermite Initiation Temperatures

Sintered inert anode powder was mixed with aluminum powder for determination of reaction
temperatures by differential thermal analysis (DTA). The anode powder was generated from
sintered slugs of the inert anode composition. Severa screen fractions of anode powder were
used with the particle size ranging from about 0.04 to 1 mm. Approximately 35 mg of 50/50
mixtures anode/aluminum powder combinations were heated in alumina cruciblesin the
DTA at 5 C/minto 1450°C in air.

The DTA showed a consistent endothermic peak for the melting of Al at 660°C and a major
exothermic reaction that initiated at temperatures ranging from 950 to 981°C for the finest to
the coarsest power.

In conclusion, the thermite reaction studies showed that the thermite reaction concern was not
as severe as we had expected. The reaction was not self-sustaining when an anode was
dropped into the molten aluminum even if the anode was quite hot. The reaction could only
be sustained for longer periods if current and thus heat were maintained after the anode was
lowered into the metal.

Environment, Health and Safety (EHS)
New Employee Orientation and EHS required training were provided to the new employees
during the month of January.

The group decided that auminum powder would not be used in the part formulation. This
has eliminated the aluminum powder safety standards concerns.

EHS facilitated Project Environment, Health and Safety Reviews of the following operations
of the R&D activity.

* Pilot Hall Cell PEHSR

» Thermite Reaction Test Bldg. B PEHSR

A Fourier transform infrared spectrometer (FTIR) equipped with a gas cell, and a process
mass spectrometer (M S) were installed next to the pilot cell, running on inert anodes, in
Building B. These instruments were used to actively monitor ambient and cell gas
components (i.e., HF, CF4, CoFg, HCI, SO,, COS, SiF,4, CO, CO,, O,) during different
periods of pot tending activity. The instrumental monitoring of the pilot cell served an
additional role as atesting ground for setup, sampling and capable monitoring using FTIR,
and MS.

« ATS conducted three tests using EPA Method 29 to determine total particulate and metal
particulate. None of the results were higher than expected and none were a cause for
concern.

« NIOSH Method 6007 was conducted to determine Nickel Carbonyl levels coming off the
pilot cell exhaust. No nickel carbonyl was detected.
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Industrial Hygiene Sampling
Industrial Hygiene sampling was conducted on the Horizontal Pilot Cell. Personal and area
samples both indicated very low exposures to typical Hall cell off gasses.

Task 3.2 - Optimize Metal Content and Metal Phase Adders

Thethermal and electrical conductivity of a cermet anode isdramatically increased by
increasing the copper metal phase from 17% to 27% of the anode weight. Based on
prior results, the corrosion rate of a 27% anode can be comparable to the 17% anode
but ismore vulnerable to bath ratio changes and other operational variables. In
addition, Alcoa proprietary data indicatethat it is possibleto increase the metal content
by using certain other metalsin addition to copper without sacrificing anode
performance.

Task 3.3— Optimize Ceramic Phase, Develop Advanced Anode Compositions

It isprobablethat the composition of the ceramic phase can be optimized to reducethe
nickel content of the aluminum and perhapsthe corrosion rate. Thiscan be done by
further optimizing the Ni/Feratio in the present cermet anode. Advanced ceramic
phase compositions as well as additivesto the present cer met will also be consider ed.

The materials work on Tasks 3.2, 3.3 and 13 was completed on October 01, 1999 and
reported to DOE during the program review on November 02, 1999.

The following sections 5.3-3.1 to 5.3-3.3 cover the program review material in detail. In
conclusion, we met the DOE targets of Fe, Ni and Cu contamination when we used Ag
additive. The Cu levelsin the metal were below the commercia purity level in some runs.
Ni and Fe were not below the commercial purity level.

5.3-3.1 Introduction

The energy and cost efficiency of aluminum smelting can be significantly reduced with the
use of long lasting non-consumabl e (inert) and dimensionally stable anodes. This allows
highly productive cell design reducing capital costs. Significant environmental benefits aso
result because of no CO, and CF4 emissions. The use of dimensionally stable anode and
wettable cathode also allows efficient cell designs and lower anode-cathode distance and
conseguent energy savings.

The most significant challenge to the realization of this technology is the anode material. In
fact, searches have continued since the early days of the Hall-Heroult process for suitable
inert anode material. For the material to function as an anode, it has to satisfy a number of
very difficult conditions. For example, the material must not react or dissolve to any
significant extent in the electrolyte (cryolite). It must not react or corrode in oxygen
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containing atmosphere. It should be thermally stable at about 1000°C. It must relatively
inexpensive and should have sufficient mechanical strength. It must aso have very high
electrical conductivity (> 120 ohm-1cm-1) at the Hall cell operating temperature (950-
970°C). In addition, the aluminum produced using these anodes should not be contaminated
with the constituents of the anode material to any appreciable extent.

Numerous materials have been tried in the past. Among them are the ‘ corrosion and
oxidation resistant metals and alloys, electronic and ionic conducting oxides such as ZrO,,
SnO,, Fex0s, NiFe,O4, NIO, etc. Despite attempts by various researchers, the inert anode is
not acommercial reality. These materials failed to satisfy one or more of the above-
mentioned criteria. Billehaug and Oye (1981) reviewed past efforts to develop cermet
anodes. Sadoway (1993) at MIT has more recently proposed use of Cu-Al alloys. A number
of patents have also been issued to Moltech where they have used metallic aloys containing
Ni, Fe, Cu, Zn, Sn, etc. One of the difficulties of using metallic aloysisthe fact that metals
or aloys of thistype aways oxidize on the surface and it is difficult to maintain a
consistently corrosion resistant surface. Ray (1986) introduced the concept of cermet anodes
in which a highly corrosion and oxidation resistant ceramic oxide is combined with a
compatible metal to provide anode compositions that provide the desirable mechanical and
electrical properties. It was found that 17 w% Cu metal containing 51.7 w% NiO and 48.3
w% Fe,O3; oxides fabricated as cermet provided good electrical conductivity, mechanical
properties and encouraging Hall cell corrosion performance.

This anode composition has been fabricated and tested in a number of bench scale and Pilot
Hall cells. Although most of the tests were carried out at about 960°C, a number of tests
were also carried out at lower (840-750°C) temperatures. Bench scale tests have shown that
this anode composition has shown very encouraging results under operating conditions where
aluminais maintained at alevel close to saturation and ratio is maintained at about 1.1.
However, the metal produced using this anode composition still contained more than 0.1w%
Cu. Whilethislevel of Cuinauminum may still be acceptable as being usable for most
applications, it is desirable to reduce the corrosion of anode for longer life and improved
economics. Further, reduced corrosion should also lead to improved metal quality with
respect to Ni and Fe, the other two mgjor contaminants from the anode.

We have, therefore, embarked on atwo pronged approach to improving the quality of metals
while using inert anodes. The first approach isto modify the composition of the aloy in the
cermet to lower the Cu contamination and thereby aso improve the corrosion resistance. The
second approach is to modify the oxide part of the cermet to impart additional corrosion
resistance. During this period we report results on the cermet anodes where the metal phase
was modified, the oxide phase contained Nickel ferrite spinel and Nickel ferrite spinel with
excess NiO. Silver was added with the Cu meta to achieve thisresult. We also used
palladium with Cu metal to improve corrosion resistance of cermet. We obtained some
powder coated with Ag and fabricated samples with it.
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5.3-3.2 Materials Composition and Fabrication

The oxide phase in the present study contained NiO and Fe;O3 in theratio of 51.7 : 48.3
(sample 5301). In addition, a number of samples containing stoichiometric Nickel ferrite,
(NiO/Fe,0O3 in theratio of 74.7: 159.6) (samplesidentified as 5412) were prepared. The
fabrication of cermet samplesinvolved first the preparation of pressible oxide powder,
followed by blending of the desired amount of metallic particulates. The blended powder
was then pressed in aisostatic bag mold at 25,000 psi. The pressed material was then
sintered in an argon/oxygen mixture at about 1350°C. The pressible powder was prepared by
blending NiO from Ceramic Color and Chemical Co. and Fe,O3; from Harcross chemicals Co.
The powders were blended and calcined to make sure the spinel phase was formed and no
unreacted Fe,O3; remained. The calcined powder was then spray dried to produce
agglomerates of about 40 micron diameter. For reliable and reproducible anode performance,
it isimportant to characterize the samples with respect to density, porosity and microstructure
of the fabricated anodes. We developed a standard operating procedure (see Appendix 1) for
fabrication of the anodes. One important aspect of anode fabrication is the connection to
metallic lead. For these anodes a graded connection with varying amounts of a mixture of
cermet and metal ending up with purer metal end was used.

The Tables 5.3-3-1 and 5.3-3-2 show the details of fabricated anodes.
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Table5.3-3-1

Apparent
S# Compositions Por osity Temp.
776670-22 83% 5301 + 17 % Cu 0.192 1350 C
776670-33 83% 5301 + 17% Cu 0.214 1350C
776701-22 83% 5412 + 17% Cu 0.178 1350C
776673-44 3% Ag14% Cu 83% 5301 0.299 1350C
776693-2 3% Ag 14% Cu 83% 5301 0.249 1350C
776693-4 3% Ag 14% Cu 83% 5301 0.286 1350C
776701-1 83% 5412 + 17% Cu 0.182 1350 C
776705-3 3% Ag 14% Cu 83% 5412 0.292 1350C
776705-4 3% Ag 14% Cu 83% 5412 0.276 1350C
776705-2 3% Ag 14% Cu 83% 5412 0.243 1350C
776705-1 3%Ag 14% Cu 83% 5412 0.215 1350C
776718-1 83% 5301 17% Cu 0.188 Cu coated with Ag 1350C
776719-1 83% 5412 17% Cu 0.163 Cu coated with Ag 1350C
776673-26 3% Ag 14% Cu 83% 5301 0.284 1350C
776754-1 3% Ag 14% Cu 83% 5412 0.166 Ag from Technic Inc. 1350 C
776720-1 5% 5301 95% 5412 (3%Ag 14% Cu) 0.24 1350C
776721-1 5% 5301 95% 5412 + 17% Cu 0.248 1350 C
776722-1 10% 5301 90% 5412 (3% Ag 14% Cu) 0.24 1350 C
776723-1 10% 5301 90% 5412 + 17% Cu 0.196 1350C
776724-1 20% 5301 80% 5412 (3% Ag 14% Cu) 0.216 1350C
776725-1 20% 5301 80% 5412 + 17% Cu 0.157 1350C
776733-1 1% 5301 99% 5412 (3%Ag 14% Cu) 0.197 1350 C
776734-1 1% 5301 99% 5412 + 17% Cu 0.122 1350C
776735-1 2% 5301 98% 5412 (3%Ag 14% Cu) 0.186 1350C
776736-1 2% 5301 98% 5412 + 17% Cu 0.202 1350C
776737-1 3% 5301 97% 5412 (3% Ag 14% Cu) 0.237 1350C
776738-1 3% 5301 97% 5412 + 17% Cu 0.203 1350 C
776720-2 5% 5301 95% 5412 (3% Ag 14% Cu) 0.231 1320C
776722-2 10% 5301 90% 5412 (3% Ag 14% Cu) 0.176 1320C
776724-2 20% 5301 14% 5412 (3% Ag 14% Cu) 0.244 1320C
776733-2 1% 5301 99% 5412 (3% Ag 14% Cu) 0.169 1320C
776735-2 2% 5301 14% 5412 (3%Ag 14% Cu) 0.22 1320C
776737-2 3% 5301 97% 5412 (3% Ag 14% Cu) 0.228 1320C
776739-1 1% 5301 99%5412 (1% Ag 14% Cu) 0.162 1320C
776740-1 3% 5301 97% 5412 (1%Ag 14% Cu) 0.198 1320C
776741-1 5% 5301 14% 5412 (1% Ag 14% Cu) 0.123 1320 C
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Table5.3-3-2
Anodeswith Standard 17% Cu Cermet and Varying Quantities of Ag Powder

Sintering Apparent
Sample# Composition With 5301 Temp C Por osity
776670-1 17% Cu + 83% 1351 0.129
776670-2 17% Cu + 83% 1345 0.138
776670-3 17% Cu + 83% 1348 0.151
776670-4 17% Cu + 83% 1348 0.299
776670-5 17% Cu + 83% 1356 0.194
776670-6 17% Cu + 83% 1367 0.178
776670-10 17% Cu + 83% 1351 0.161
776670-13 17% Cu + 83% 1383 0.257
776670-14 17% Cu + 83% 1336 0.182
776670-17 17% Cu + 83% 1342 0.237
776670-23 17% Cu + 83% 1323 0.199
776670-24 17% Cu + 83% 1291 0.254
776670-25 17% Cu + 83% 1350 0.240
776670-26 17% Cu + 83% 1353 0.209
776670-27 17% Cu + 83% 1355 0.286
776670-28 17% Cu + 83% 1347 0.232
776670-30 17% Cu + 83% 1342 0.292
776670-31 17% Cu + 83% 1337 0.245
776670-32 17% Cu + 83% 1337 0.220
776671-1 5%Ag+ 10% Cu + 85% 1350 0.144
776671-2 5% Ag+10% Cu + 85% 1345 0.283
776671-3 5% Ag+10% Cu + 85% 1318 0.221
776673-1 3% Ag +14% Cu + 83% 1350 0.213
776673-3 3% Ag + 14% Cu + 83% 1350 0.276
776673-4 3% Ag +14% Cu + 83% 1349 0.204
776673-5 3% Ag + 14% Cu + 83% 1338 0.235
776673-6 3% Ag +14% Cu + 83% 1349 0.224
776673-7 3% Ag +14% Cu + 83% 1351 0.286
776673-16 3% Ag +14% Cu + 83% 1265 0.227
776673-18 3% Ag + 14% Cu + 83% 1293 0.301
776673-23 3% Ag +14% Cu + 83% 1209 0.296
776673-27 3% Ag +14% Cu + 83% 1290 0.263
776673-40 3% Ag +14% Cu + 83% 1345 0.300
776673-51 3% Ag +14% Cu + 83% 1320 0.260
776673-53 3% Ag +14% Cu + 83% 1324 0.272
776673-56 3% Ag +14% Cu + 83% 1308 0.278
776673-60 3% Ag +14% Cu + 83% 1313 0.282
776673-61 3% Ag + 14% Cu + 83% 1313 0.295
776674-1 2% Ag +14% Cu + 84% 1348 0.195
776674-3 2% Ag +14% Cu + 84% 1320 0.214
776674-4 2% Ag + 14% Cu + 84% 1307 0.229
776674-6 2% Ag +14% Cu + 84% 1313 0.252
776715-1 3% Ag +11% Cu + 86% 1314 0.237
776715-3 3% Ag+11% Cu + 86% 1325 0.144
776715-4 3% Ag+11% Cu + 86% 1322 0.208
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Table5.3-3-2 - Continued

776726-2 2% Ag+ 15% Cu + 83% 1284 0.280
776727-1 1% Ag+ 16% Cu + 83% 1313 0.264
776728-1 1% Ag+ 15% Cu + 84% 1315 0.248
776728-2 1% Ag+ 15% Cu + 84% 1326 0.296
776745-1 0.5% Ag+ 16% Cu + 83.5% 1334 0.195
776746-1 1% Ag+ 15% Cu + 84% 1327 0.239
776751-1 0.5% Pd + 16% Cu + 83.5% 1320 0.170
776752-1 1% Pd + 15% Cu + 84% 1320 0.200
776753-1 3% Pd + 14% Cu + 83% 1329 0.151

5.3-3.3 Hall cdl Evaluation

A number of fabricated anodes were evaluated by bench scale Hall cell testing. The results of
tests depend agreat deal on the testing conditions. Our aim was to minimize the effect of
testing variables and therefore get a clearer indication of the relative anode performance. We
also developed a standard operating procedure for anode eval uation by bench scale Hall cell
testing. The attached Figure 5.3-3-1 shows schematically the test apparatus.

The anode was tested at a current density of 0.33-0.5 A/cm?. No major differencein
performance was seen with these different current densities. The bath ratio was attempted to
keep at aweight ratio of NaF/AlF; of 1.05 (+ or - 0.05). Cell temperature was maintained at
960 (+ or - 5). Aluminawas fed based on at about 80-100% current efficiency values. The
current efficiency was calculated based on the weight of metal produced at end of run. The
current efficiency of 88-92% was obtained in many cases. The anode was measured prior to
cell test and at the end of test. From these measurements, an idea of anode performance may
be obtained. But we used the analyses of metal produced as the more reliable measure for
anode performance.

Table 5.3-3-3 shows the results of Hall Cell tests with standard cermet anodes as well as

anode with Ag element. The metal produced using these anodes are also shown in the Table
5.3-3-3. Also shown are the 1998 DOE target amounts of impuritiesin the metal produced.
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Figure5.3-3-1 Bench Scale Hall cell Test Apparatus
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Anode

Alcoa Standard -50
Alcoa Standard & Ag
Alcoa standard 100

776666-2

776673-16

776705-2

776673-27

776612-1
776671-1
776719-1
776674-3
776674-4
776715-3
776739-1

1998 DOE Target

Table5.3-3-3

Fe
0.339
0.459
161
0.191
0.26
0.375
0.49
0.36
04
0.38
05
0.1
0.14
0.24
0.3

Cu
0.222
0.269
0.386
0.024
0.012
0.13
0.05
0.034
0.06
0.095
0.13
0.16
0.017
0.1
0.3

Ni
1.387
0.22
0.904
0.044
0.022
0.1
0.085
0.027
0.19
0.12
0.33
0.26
0.13
0.143
0.3

OOOOOL);

0.015
0.009
0.004
0.025
0.0002
0.02
0.01
0.003
0.007
0.03

The Figure 5.3-3-2 shows the impurities for various anodes along with the 1998 DOE target
amounts for 1998. It is seen that Cu impurity is significantly reduced with the addition of Ag
element with the Cu phase in the cermet. Further both Fe and Ni impurities are below the
target values in most case. The Cu content iswithin commercia target.
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Figures 5.3-3-5 and 5.3-3-6 show anode # 776674-4 which is a 2% Ag added cermet.

Figure5.3-3-5: Anode 776674-4 at the start of experiment
The anode contains 2w% Ag, 15% Cu and balance standard Nickel ferrite cermet.

R I R Ny I ¥
R T S i e

Figure5.3-3.6 Anode 776674-4 after the experiment
The apparent corrosion at approximately 2 inches up from the right hand end of the anodeis

merely spalling of awhite bath coating. The dark spots are merely exposed surfaces of the
dark cermet anode.
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The dimensional changesin most good runs were small. The following shows the
dimensional change at different levelsin the anode 776674-4.

1cm 2¢cm 3¢cm 4cm 5¢cm 6cm
0.007 cm 0.001 cm 0.032 cm 0.043 cm 0.034 cm 0.0014 cm

The original anode dimension was 1.18 cm. This erosion rate represents 0.62 cm/year.

The Figure 5.3-3-4 shows that in most cases we met the DOE target of Fe, Ni and Cu
contamination very well when we used the Ag additive with the anode. Further, the Cu
levelsin the metal for all runs with these anodes were at or below the commercia purity
level. The Ni and Fe were not at commercial purity level at this stage. We believe that
additional materials development work will be needed to address thisissue. The focus now
would be integrate improved metal and oxides in the cermet.

5.3-3.4 Summary

The Alcoal DOE program which officially started in September 1998 has produced some
very significantly improved results compared to what has been seen in more recent years.
This was achieved because Alcoa continued to support this program throughout 1998. The
results show that the target levels of metal contamination necessary for continuing on the
program has been achieved.

While the DOE targets were met and while significant progress was made, the anodes tested
here did not meet Alcoa sinternal metal purity targets which were somewhat more stringent
(0.20% Fe, 0.34% Ni and 0.034% Cu). Additional development work is required.

5.3-3.5 References

K. Billehaug and H. A. Oye, Aluminium, 57, p. 146 (1981).
J. N. Hryn and D. R. Sadoway, Light Metals, 1993, P. 475 (1993)
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Task 3.4 —Eltron Research, Inc. Anodes

One objective of thistask will beto electrochemically characterize inert anodes
prepared by Eltron for aluminum electrowinning on a small laboratory scale.
Corrosion rates and electrochemical behavior will be examined for each material.
Several (at least three) preferred anode materialswill be determined. Preferred
materials will subsequently befabricated into electrodes (3 of each kind) with principal
dimensions of 0.5" (1.0-1.5cm) diameter and 4" (10cm) length for testing by Alcoa at
bench scale. Theanode material demonstrating most favor able char acteristics and
meeting Alcoa's criteria will be fabricated into plate anodes.

Over the 10 months of Task 1 of the project Eltron fabricated anodes of preferred materialsin
either rod or tubular form and tested these materials in melts of relevance to electrolytic
aluminum reduction. In particular, several issues were addressed by Eltron: 1) Electrolyte
composition, 2) materials preferred for operation in electrochemical cells with these melt
compositions, 3) electrochemical cell configuration and performance issues, and 4) anode
properties, including electronic conductivity, electrochemical performance, and corrosion
resistance. Preferred anode materials were determined.

Electrolyte compositions chosen from the following ranges were used: cryolite +3-8 wt%
AlF3+ 3-6 wt% CaF, + 3-8 wt% Al,O3. Typicaly, amelt 8 wt% in AlF3, 4 wt% in CaF»,
and 4 wt% Al,03 at 1015°C was employed. Materials evaluated possessed the general
composition Zry_y.yFe,ByO,_g (Where B = Ce, Ni, Cu, and Zn). Current collection was
provided by an inconel wire set in anickel pastein awell in the center of the anode.
Materials were evaluated by a genera protocol which consisted of immersing the anode and
applying a sequence of gradually increasing currents while monitoring the anode and cathode
voltages (measured with respect to a platinum wire electrode). Time dependence of voltages
were monitored at afixed current density aswell. A current density of 100 mA/cm?2 was
employed with rods and up to 515 mA/cm?2 with tubes. The degree of corrosion resistance
was determined by visual inspection. The electrochemical performance (i.e., anode and cell
voltages) and corrosion resistance were the criteriafor selection of preferred materials.

It was found that tubular anodes with wall thicknesses were preferable to ceramic rod anodes
in that the voltage drop across the tubular anode (due to resistance of the material) was much
smaller (i.e.,, <2V at 500 mA/cm?2 versus 3V at 100 mA/cm? for the rods). Electronic
conductivities of up to 1S/cm were found. Supporting preferred metal oxide materials on
alloy cylinders was attempted by pack cementation. Conductivities and el ectrochemical
behavior of materials indicated the existence of ceramic films on the surfaces of the metal
supports. However, the corrosion resistance of the metal cylinders did not seem to be
significantly improved, presumably because the metal oxide layer was too thin or
discontinuous.

€s.3419P 33



Seven materials were selected as viable candidates for scale-up in Task 2. The tubular
geometry was determined to be the preferred geometry for these anodes. Eltron Research
Inc. shipped to Alcoa tubular membranes of seven distinctive ceramic compositions: c06,
c08, ¢23, 50, c51, ¢55, and c69. Three tubular membranes of each composition, but not
necessarily of the same batch, were shipped for atotal of 21 samples. CeO, isthe dominant
metal oxide of compositions c06, c08 and c69, while ZrO, is the dominant metal oxide of the
other four compositions; none of the compositions includes both CeO, and ZrO.. All seven
compositions include Fe,Os, plus either ZnO or NiO or CuO or SnO,. These samples can be
tested in pencil anode cells to determine wear rates and purity of aluminum produced
provided adequate electrical connections can be made.

No electrolysis tests were conducted by Alcoa on the Eltron anodes.
Task 3.5— Scale-Up and Improve Manufacturing, Characterize Anodes

Scale up of anode plates has caused cracking during sintering due to thermal stresses.
I mprovementsin fabrication technology arerequired to avoid these types of problems,
improve uniformity, and reduce costs.

We have successfully fabricated anodes measuring 14 inches x 6 inchesx 1 inch using
isostatic pressing and sintering in an argon atmosphere. Dueto the long heating and
cooling cyclesrequired, a significant amount of Ar isconsumed in the process.
Furthermore, the size limitations of our existing furnace limit production to one anode
at atime. Wewill explorethe possibility of using N2 - air mixturefor controlling the
oxygen partial pressureduring sintering. Wewill also design and build an assembly for
sintering larger anodes. In order to assessthe reproducibility of our processand the
quality of anodes, fabricated anodeswill haveto be carefully characterized. This
characterization will include measurements of density, porosity, electrical resistivity,
microstructure and flexural strength.

Task 3.5 - Development of Thermodynamic Databases for the Dissolution of Nickel and
Iron Oxidesin the Cryolite Bath

5.3-3.5.1 Statement of Problem

Alcoa believes that an improved thermodynamic understanding of oxide, cryolite, and metal
solution behavior will aid in the definition of operating windows for minimum anode wear
and maximum electrolytic cell current efficiencies. Improvements to the anode composition
beyond those discussed elsewhere in this study also appears to depend on realizing a better
understanding of the solubility of oxides in molten cryolite. For these reasons, work was
commissioned with an outside consultant to model phase equilibriain key metal oxide —
cryolite systems.
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5.3-3.5.2 Approach

Alcoawas already using the PC-base FACT thermochemical program to predict phase
equilibriain other process metallurgical studies. We contacted Dr. Arthur Pelton (Centre de
Recherche en Cacul Thermochimique, Ecole Polytechnique de Montreal) to develop the
solution models required for the FACT themodynamic predictions. Pelton's Group follows
the CALPHAD (calculated phase diagram) approach to modeling phase equilibriathat has
been developed and extensively applied to alloy systems. Mathematical descriptions of the
Gibbs Free Energy of all phases and solutions for the chemical system are developed. Inthe
usual procedure, descriptions of the binary systems are optimized to fit the available phase
equilibria (or other thermodynamic data). These can be used to predict ternary behavior, and
lack of agreement at this level is compensated for by the incorporation of ternary interaction
parameters. The resulting model can be useful for ternary interpolations as well as higher-
order predictions. This approach cannot be rigorously applied to the heterogeneous (oxide-
salt-alloy) systems that we are interested in due the presence of solution phase miscibility
gaps. More sophisticated solution treatments are therefore required. The present work
focused on solid-liquid-vapor phasesin the system Al-Ca-F-Fe-Na-Ni-O system. Evaluation
of the thermodynamic data and devel opment of free energy descriptions was split into two
segments: 1) the solid phases and 2) the molten salt (plus liquid metal) phases. Dr. Sergel
Degterov has conducted the solid phase solution modeling work. Dr. Patrice Chartrand has
described the salt-metal equilibriain the Al-F-Na-Ca system and worked with Dr. Degterov
to combine the two segments into the salt solubility model. All available experimental
thermodynamic and salt solubility were reassessed in the course of the study. During the
course of this study the FACT thermodynamic modeling approach was merged with the
Chemsage approach (SOLGASMIX Gibbs energy minimizer for PC) to become FactSage.

Additional solubility measurements of NiO, Fe;Os, and NiFe,O, in cryolytic melts were
conducted at Alcoa Technical Center to confirm and refine the solubility model. A static
thermal equilibration method, similar to that described by DeY oung was used (Light Metals,
1986, pp.299-307). Longer equilibration times (up to 96 hrs) were used and the bath
chemistry was monitored over time for solute pickup (ICP-Atomic Emission Spectrometry),
bath ratio (XRD calibrated against pyrotitration), dissolved alumina (LECO technique).
Pieces of sintered oxide pellets were used in most experiments, but a few experiments were
conducted with powders derived from the sintered pellets.

5.3-3.5.3 Results
The salt solubility experiments that were conducted in this study are summarized in Table
5.3-35-1.

The complete evaluation of the thermodynamic model includes an assessment of the fit of all
available thermodynamic data and relevant phase diagrams. Only the fit to some of the
solubility data for iron and nickel oxides will be considered here. The fit of the solubility
model to the available experimental data on FeO solubility is shown in Figure 5.3-3.5-1.
Only 1020°C data for Fe-saturated cryolyte melts with different alumina contents are
available. The model was derived by fitting the FeO solubility at 0% alumina and the
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eutectic temperature in the NagAlFs-FeO system. The resulting model fits the data on the
effect of aluminaon Fe solubility well within the experimental error.

Table 5.3-3.5-1 Resultsof Oxide Solubility Experiments

STARTING

SALT LECO SALT  SALT  SALT  SALT  SALT

MASS TIME NaFAIFs  AlOs Fe Ni DEPTH MASS  CaR

OXIDE  T,°C EXPER. © (hr)  (bywt)  (Wt%) (Wt9)  (wt%) (in) @  (Wt.%)

NiO 960 E53 160 0 1.04 40 - - 1.438 151 B
309 48 - - - 0032  1.250 124 -
7 pieces % 113 4.8 - 0033 1125 107 -
Fe203 960 E60 160 0 1.06 42 - 1.35 142 5
2949 48 - - 0.098 1.189 115 -
8 pieces % 113 48 0.096 1.000 98 -
NiO 1025 E152 180.8 0 R R - <0001 1625 170 -
309 48 1.65 13.3 - 0014 1125 104 -
54 pieces % 1.60 14.0 - 0013 1.000 95 1.31
Fe203 1025  E178 171 0 R 58 0.013 - 1.500 156 135
309 48 - 6.6 0.213 - 1.125 107 -
55 pieces 72 1.70 73 0.243 - 0.875 89 1.46
NiO 960 E200 161.6 0 1.06 48 - <0.001  1.500 158 5
4829 48 1.10 5.1 - 0019 1125 107 -
1 piece * % 1.15 55 - 0017  0.750 82 -
NiO 960 E202 161.6 0 1.07 50 - <0.001 1500 158 (5
48759 48 1.10 5.4 - 0020 1125 107 -
1 piece** % 1.16 6.0 - 0016  1.000 98 -

“0 hrs’ is after salt has been held 1 hr at temperature, but before sample has been added to bath

densities used for salt baths at temperature: 960°C baths-2.06 g/cm®, 1025°C cryolite — 1.99 g/cm®(12%A1,0s), 2.04 g/cm® (6.5%A1,03)
E200: * samplein the form of asintered cylinder — 0.413" diam., 0.374" height
E202: ** samplein the form of a sintered cylinder — 0.413” diam., 0.378" height
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Table5.3-3.5-1 (Continued)

STARTING CALC.
SALT NaFAIF  LECO SALT  SALT  SALT  SALT SAMPLE  SALT
MASS TIME 3 Al,05 Fe Ni  DEPTH MASS REMOVED  Car2
OXIDE  T,°C  EXPER. @ (hrs)  (bywt)  (Wt%) (Wt9%) (wt%)  (in) © © (Wt.%)
NiFe,O; 960 E68 160 0 1.06 42 - - 1.375 143 ©)
059 1 - - 0052 0008 075 82
powder 7 - - 0064 0009  0.625 -
18 - - 0063  0.008 - -
24 1.09 5.1 0063  0.008 05 -
NiFe,0; 960 E44 160 0 1.01 39 - - 1375 143 3.47 5
31g 1 0025 <0004 1375 143 1.46
6 pieces 7 0040 0007  1.313 134 0.94
24 0046 0009  1.250 124 1.42
48 0051 0010 1125 107 1.05
72 0051 0009  1.063 103 1.07
% 112 47 0054 0009  1.000 98 35
NiFe,0; 960 E183 160 0 1.06 51 0013 <0001  1.500 158 6.6 (5)
9.911g 1 0030 0006  1.500 158 28
1 piece 7 0048 0009 1500 158 25
24 0051 0007 1313 134 2.0
48 0058 0006  1.125 107 2.0
72 0061 0006 0875 % 18
% 1.20 5.9 0066 0005  0.625 - 9.8

E68: powder used is 52 mole % Fe,Os-48 mole % NiO, Ds=39.2 microns

E44: 50.4 mole % Fe;03-49.6 mole % NiO powder pressed at 20 ksi and sintered for 4 hrs at 1350°C in argon - broken into pieces

E183: 50.4 mole % Fe;0s-49.6 mole % NiO powder pressed at 20 ksi and sintered for 4 hrs at 1325°C in argon
density of salt used in salt mass calculation = 2.06 g/cm? at 960°C
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Table 5.3-3.5-1 (Continued)

STARTING CALC.
SALT LECO  SALT SALT SALT SALT SAMPLE SALT
MASS TIME  NaFAIF;  AlO3 Fe Ni DEPTH MASS REMOVED Car2
OXIDE T,°C  EXPER. (9) (hrs) (by wt.) (Wt.%)  (wt.%) (wt.%) (in) (9) (9) (wt.%)
NiAl204 960 E206 161.6 0 1.02 4.0 - <0.001 1.250 - 8.3 (5)
59279 1 - - - 0.009 1.250 - 15
sintered 7 - - - 0.021 1.250 - 19
pellet 24 - - - 0.023 1.125 - 19
48 111 5.4 - 0.022 1.063 - 5.9
72 - - - 0.020 1.000 - 2.8
96 1.18 6.2 - 0.016 0.875 - 5.5
NiO 960 E208 158.41 0 1.05 33 - <0.001 1.563 164 6.93 (5)
47579 1 - - - 0.012 1.563 164 3.69
1 piece 7 - - - 0.044 1.563 164 2.26
24 - - - 0.055 1.375 142 2.07
48 1.14 4.3 - 0.037 1.250 124 5.50
72 1.18 45 - 0.045 1.063 103 212
96 1.20 4.8 - 0.038 0.750 82 5.67
NiO 960 E209 166.4 0 1.07 85 - <0.001 1.750 - 7.60 (5)
48119 alumina 1 - - - 0.001 1.750 - 1.30
1 piece crucible 7 - - - 0.0035 1.750 - 1.70
24 - - - 0.0055 1.000 - 2.00
48 113 14.0 - 0.005 0.375* - -

E209: NiO pellet pressed at 20 ksi and fired in air at 1350°C for 4 hrs, 0.412 in. diam., 0.376 in. L, * loss bath due to attack of alumina
crucible
E208: NiO pellet pressed at 20 ksi and fired in air at 1350°C for 4 hrs, 0.413 in. diam., 0.368in. L
E206: NiAI204 powder pressed at 20 ksi and sintered for 4 hrs at 1500°C in air — 60.2% of theoretical density, XRD shows some
unreacted NiO and Al203, sintered pellet was 16.5 mm L and 12.5 mm diam. but had disintegrated to pile of powder by end of experiment
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Figure5.3-3.5-1 The predicted solubility of FeO in cryolite

A similar assessment of the model for Fe,O3 solubility is presented in Figure 5.3-3.5-2. Data
in 1 am O, and air are available and the model incorporates the equilibrium oxygen activity.
Thereis good agreement to the solid line model predictions for most of these data (for CaF
contents less than 3 wt.%) at different temperatures, bath ratios, and alumina contents. The
exception is the departure of the DeY oung data from the predictions at low aumina contents.
An example of the fit to the temperature dependency of the DeY oung datain salts with higher
alumina contents is shown in Figure 5.3-3.5-3.

An example of the model predictions for Ni solubility is shown in Figure 5.3-3.5-4. Thereis
avery large spread in the data at 0% alumina, but the model fits well elsewhere. The model
aso fits data for lower temperature baths with arange of CaF, contents. Thereisalarger
scatter in the available data on Ni solubility between authors and within a given author’ s data
set. Part of this may be due to the reaction path from NiO to the equilibrium NiAl,O4 phase.
The relative amounts of solute and solvent, and the form of the solute could affect the extent
of reaction and the change in bath composition during a solubility experiment. Since these
details are not available for previously published work, additional experiments are required to
better define the system.
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Figure5.3-3.5-4 The predicted solubility of NiO in cryolitic melts

A situation similar to NiO exists for the interpretation of NiFe,O,4 solubility experiments.
When these results are viewed as kinetically constrained, the thermodynamic model
predictions are in general good agreement with the published data of DeY oung and the new
experimental data generated in this study. Again, the predicted Ni and Fe solubilities are
higher than measured by DeY oung when the salt alumina content is low. Additional
experiments are required.

5.3-3.5.4 Conclusions

A good model of FeO, Fe;Os, NiO, and NiFe,O,4 solubility as afunction of bath temperature
and chemistry (bath ratio, alumina content) has been developed. Experimental results for
solids that react to form a new equilibrium phase (e.g., NiO reacts to form NiAl,Oy if the
alumina content is high enough) can now be properly interpreted. Previously reported
solubility measurements yielded conflicting results (at least in part) since different relative
amounts of reactants (solute to be measured and salt) and the form of the solute (powder or
sintered pellets with variable porosity) differed. Thisinterrupted the reaction process at
whatever stage had been reached when the test was terminated. The results of solubility tests
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also differed due to the presence of different levels of salt impurities (Si, Ca, transition
metals). Finaly, the composition (especialy alumina and bath ratio) changes during a
solubility test and has an effect on the solution behavior. Bath composition changes due to
volatilization and impurity levels are generally not measured or reported in published
solubility studies.

The model should be extended in the future to include other oxides. It can be linked with
other chemical engineering software to perform kinetic ssmulations of the dissolution of
ferrite-based anodes in cryolitic melts.
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Task 3.6 — Build Pilot Anode Assemblies

This sub-task includes wire cutting of the anodes, reducing a portion of the anodes,

welding of anode connector s to the anodes, machining of metal plates and connectors,
and final assembly of the anode modules.
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Anode Manufacturing:

Several new eectrical connection concepts which would eliminate the need for post-
reduction and diffusion welding were tested on small scale anodes. The concepts involved
green machining holes into the pressed anodes and installing nickel stubs surrounded by
copper foil, copper powder or Cu-Ni powder as a brazing material. The hope was that a high-
temperature, brazed connection would be established during the sintering processitself. If
successful, the process would have significantly reduced the time and processing cost of
anode manufacture. Unfortunately, cracks developed in the anodes emanating out from the
metal inserts.

We did not use the 27% Cu composition due to concerns about excessive corrosion under the
selected bath operating conditions. The anodes used in the horizontal pilot cell were made of
17% Cu, 83% ceramic as described in Table 5.3-3-2.

Anode production for the horizontal anode pilot run progressed on schedule. Anode
production was increased to four at atime with the use of alarger Inconel containment
chamber for sintering. A new anode connection concept was devel oped which eliminated the
need for surface reduction and diffusion welding, and greatly reduced processing time. The
concept, which utilized a spring-loaded mechanical connection, was successfully
demonstrated in a 95 hour bench scale run. This concept was used on the pilot anodes,
however, diffusion welding was still done on the first set going into the cell. Two spare
anodes were produced without diffusion welding. A single anode with the improved ferrite
composition was also produced for the pilot run. Additional connection concepts, such as
brazed connections, friction welding, metallic inserts, etc. were also explored.

Seven anodes were produced for the horizontal anode pilot run. Thisincluded four for initia
installation and three backups. Two pairs of anodes tested two types of sloped gas-channels
to ad in oxygen removal. The assembliesincluded both a diffusion welded electrical
connection and a spring-loaded mechanical attachment. Two additional spares were
produced with only the pressed-fit electrical connection (as per the bench scale tests), which
weretested later in the run. Operational results are reported under Task 11.2

TASK 5: DEVELOPMENT OF ADVANCED CATHODESAND SCALE UP

It isdesirable to makelonger and taller cathodesto gain productivity. Reducingthe
thicknessto aslow as 1/8 inch will reducethe cost of TiB, without significantly
increasing cell voltage or energy usage, provided the plate heights are reasonable. The
requirementsfor obtaining these benefitsinclude minimizing the cost of manufacturing
thin plates and maintaining reasonable mechanical integrity. Preliminary resultsfrom
the pilot test indicate that Alcoa's cement and/or the TiB,-G may not have been
adequately wetted by molten aluminum. It isalso possible, that during heat up of the
cell, these materials could have been partially oxidized. These oxides could have
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contributed to theinitial low equilibrium potential, sludging and inadequate cathode
drainage. Advanced cathode development must also test the cathode wetting
characteristics and resistance to oxide formation. Methods of protecting cathode
materials must be incor porated into the cell startup procedures.

5.4 Cost-Effective Cathode Development

Economic evaluation of the ener gy-efficient cell hasindicated that cost-effective cathode
material isessential for industrial implementation of thistechnology. Available
materials have suffered from either lack of performancein serviceor not satisfying the
cost criteria. Alcoa has a patented technology for producing TiB2-Al,0O3 and ZrB.-
Al,O3 composites as cost-effective cathode materials. However, this processing
technique will haveto be further refined, and a development program to scaleup is
needed. Theoptimum cathode composition for scale up will have to be identified.

5.3-5.4.1. Background

The advantages of incorporating TiB, in cathodes have been recognized for many years. In
the 1950's British Aluminum covered conventional carbon cathodes with dense TiB; tilesto
protect against erosion and wear. Itsrelatively good electrical conductivity, chemical
stability in molten aluminum, wear resistance and its characteristic ability to be wetted by
liguid aluminum makes it a very attractive cathode component. Early price and fabrication
methods were prohibitive but when the new carbothermic methods of producing TiB, powder
became available, this constraint was somewhat obviated. The ability of TiB, to be wetted by
liguid aluminum allows the formation of athin adherent film on the surface of the cathode
block not possible on conventional carbon cathodes since they are not wetted by molten
auminum. The thin adherent film provides for the reduction of the thickness of the
aluminum pad required to maintain the interfacial stability of the electrolyte bath and the
liquid auminum. This further allows advanced cell designs that minimize the anode-cathode
distance, ACD, and provides for the continuous collection of liquid auminum.

TiB,-carbon composites, TCC, were subsequently developed that retained the basic
advantages of TiB, while reducing the disadvantages of higher cost and extreme brittleness.
Recent studies have been made using TCC in small experimental prototype electrolysis cells.
These studies have shown that molten aluminum penetrates the open pores of the composites
along the TiB; particles that are wetted by the aluminum in contrast to the non-wetting of the
carbon component. They observed that Al,O3 formed by the reaction of molten aluminum
with oxygen in the composite. The TiB, used in this Canadian study contained up to 1 wt.%
O,. Their study further suggested that Al,Os dissolved in the electrolyte bath enhanced the
dissolution of the TiB; particlesin the el ectrolyte bath.

Australian workers have shown that even dense hot-pressed TiB, el ectrodes are subject to

melt penetration. They demonstrated that controlled oxidation of the TiB; electrodes in melts
not saturated with Al.O3 has no adverse effects on the remarkable characteristic aluminum
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wettability of the TiB; electrodes, but alumina saturated melts cause the formation of TiO,
and B,O; at the electrode surface which interferes with aluminum deposition and wettability.

The availabil iE{ of lower cost, dense TiB, shapes has been advanced through the use of
sintering aids.” These are surface-active elements that are added to the pre-fabrication TiB,
powders, in small amounts that tend to concentrate at the grain boundaries during sintering
and densification. This concentration retards the grain growth producing afine grained,
dense microstructure. However, some of the most commonly used sintering aids for TiB, are
Fe, Ni and Cr. These elements need to be held to very low levelsin the aluminum produced,
and candidate oxygen-evolving anodes may already contain them. The degree to which these
elements tend to be leached out of the TiB, grain boundaries into molten aluminum in contact
with TiB, is not known and its determination is one of the objectives of this proposal.

While we do not know how much wetting is needed for optimum or even acceptable
performance of vertical plate cathodes, we believe that the wetting of Al on the TiB, should
be as good as possible; i.e., acontact angle of zero if possible (see Section 5.3-5.4.3.3 for a
definition of contact angle and wettability). Thiswould lead to the thinnest aluminum film
and the best drainage of aluminum into the sump. Wetting is particularly sensitive to joints
inthe TiB, plates. There have been many instances of aluminum balling up above ajoint and
not bridging the joint. No experiments were conducted on TiB, surfaces held in either
vertical orientation or as inclined planes.

5.3-5.4.2. Objective

Poor wetting of vertical TiB, cathode platesis held to be one of the contributing factorsto
poor current efficiency in bench-scale aluminum electrolysis cells (see section 5.3-9 of this
report). A better understanding of how commercial TiB, materials differ with respect to their
wetting propertiesis therefore needed. The objective of the study reported in this section was
to gain abasic understanding of the wetting of well-characterized TiB, by molten aluminum
under carefully-controlled experimental conditions. Previous studies have involved too many
variablesto isolate their individua significance. This study focused on the wetting of
unalloyed aluminum on well-characterized, commercially available dense TiB, substratesin
controlled gaseous environments in the absence of electrolytic baths. A few measurements of
wetting in the presence of the molten salt electrolyte were conducted, but further study of this
areaisrequired.

5.3-5.4.3. Experimental Approach
5.3-5.4.3.1 TheTiB, Substrates

A survey of the current vendors of dense TiB, shapes was made. Included in this survey was
the available information on the names and production capacities of the vendors, the range of

2 Typical sintering aids for hot-pressed parts are Fe, Ni, Co, C, W, WC while C+Cr, Fe, or CrC are used to aid
densification during pressureless sintering while B4C is added to inhibit grain growth (Mroz 2000).
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sizes and shapes, densities, additives and trace chemistries available. The results of this
survey are included at the end of this section. Based on this survey and Alcoa experiences
with other materials, samples of the materials listed in Tables 5.3-5.4-1 and 5.3-5.4-2 were
selected for the wetting studies. Chemical and physical properties are that were considered
relevant to the wetting studies were determined. Table 5.3-5.4-1 records the chemistry of the
samples (with the exception of Ti and B) as measured by Glow Discharge Mass Spectroscopy
(GDMS).

Table5.3-5.4-1. Chemical Impuritiesin the TiB, Samples of This Study
(Elements near or greater than 50ppm as analyzed by GDM in decreasing order of
abundance- Fe, W, Ni, Nb, Cr, and Zr shown no matter what level)

Purity
Alcoa Si Fe W Ni Cr Nb Zr
97.73% | 350 270 |11 10 86 |36 |048
Cercom Cl Zr Nb Fe Al Na Si
98.79% | 600 230 | 140 | 120 | 96 95 63
Eagle W Fe | Nb | Co Zr Cr Ni
Picher [98.30% |[6500 |650 |560 |450 |310 |150 | 7.2
Kubota Ni W Al Fe | Mo | Cr S | Ca| Zr | Nb | Mg
91.35% | 55,000 | 8000 | 5500 | 1600 | 1200 | 1200 | 1100 | 450 | 220 | 200 | 76

Table 5.3-5.4-1 (Continued) Additional Elements

C N O
Alcoa 22,000 | <5 35
Cercom 7500 250 3000
Eagle Picher 5000 840 2500
Kubota 1700 2300 8000

Those elements present at levels much below 50 ppm are not included. In this technigue,

the sample becomes a cathode and materia is sputtered into the reactive plasmawhere it
ionizes. Small pinswere cut from the bulk samples and it is estimated that during the
analysis 20-50 microns of material were removed from the sample surface. Thisistherefore
abulk analysisin the context of the present study. The relative purity is computed from those
elements listed in the Table 5.3-5.4-1 assuming the remainder to be titanium and boron.
Worthy of noteisthe 5.5 wt.% Ni in the Kubota material and the 2.2 wt.% C in the Alcoa
sample. The latter stems from the paraffin wax binder used to produce this material
(Baumgartner and Steiger 1984).
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Table5.3-5.4-2 Density of the TiB, Samples of This Study

Density Percent of Percent Apparent

Sample g/em® Theoretical Density (Open) Porosity
Alcoa 86 4.376 97.2 (1) 0.209
Cercom 3.115 69.2 (2) 28.580
Eagle Picher 4.487 99.7 (2) 0.228
Kubota 4.438 93.2 (3) 0.331

(1) accounted for some uncombined C
(2) theoretical density of titanium diboride = 4.52 g/cm®
() accounted for presence of Ni

The scanning electron microscope (SEM) images of fracture surfaces of the four TiB,
samples shown in Figure 5.3-5.4-1 emphasizes that the Cercom materia has a very open and
porous structure, the Kubota material has noticeable closed porosity, and the Alcoa and Eagle

Picher materials are dense with low porosity. The differencein TiB; grain size of the latter
materialsis also apparent.
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Figure5.3-5.4-1. SEM views of fracture surfaces of the TiB, Samples of this study
5.3-5.4.3.2 The Aluminum and Salt

Aluminum of 99.98% purity or higher was used in the experiments. The vacuum wetting
experiments conducted at Alcoa Technical Center (ATC) used 6N Al shot (0.08-0.09 g) from
Aesar Co. (13 ppm Si, 12 ppm Zn, 11 ppm Ga, 10 ppm Fe, 5 ppm Mg, 3 ppm or less others).
The salt cover wetting experiments conducted at ATC used a 99.988% Al produced by Alcoa
(40 ppm Si, 30 ppm Fe, 10 ppm each Zn, Ga, Mn, V, B). Aesar/alpha5N grade Al was used
in the University of Missouri-Rolla (UMR) wetting experiments. 1.3-2.9 g pieces of 5N Al
produced by Alcoawere used in Al-Salt-TiB, experiments conducted at ATC. The molten
salt cover used in the latter experiments was purified Hall Cell Bath that had an alumina
content of 5.9 wt. % (LECO analysis), a bath ratio (weight NaF:AlFs3) of 1.10 (XRD
technique), and anominal CaF, content of 5 wt.%.

€s.3419P 49



5.3-5.4.3.3 The Sessile Drop Wetting Experiments

A series of sessile-drop wetting studies were conducted using liquid drops formed from high-
purity aluminum on the selected TiB, solid substrates. Parallel studies were conducted at
UMR and ATC using two different techniques.

The first schematic in the following figures depicts wetting conditions where the contact
angleis between 0 and 90 degrees. Perfect wetting is at O degrees. The second schematic
depicts non-wetting conditions where the contact angle is between 91 and 180 degrees.

0
D Al (L)
TiB, (S) TiB2 (S)
(A). Wetting (6<90°) condition (B). Non-wetting (6>90°) condition

Figure5.3-5.4-2. The sessiledrop configuration and contact angles.

5.3-5.4.3.31 Low O, Experimentsat 1 atm Total Pressure

At UMR, the auminum drop was placed on the TiB, substrates at high temperaturein a
controlled atmosphere using the doser technique developed at UMR (Ownby et al. 1991).
This allowed the substrate to come into equilibrium with the reducing gas stream at
temperature prior to drop placement (Figure 5.3-5.4-3).
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Figure5.3-5.4-3. The UMR low O, sessile drop furnace.

€s.3419P 50



The oxygen content of the ultra high purity hydrogen atmosphere was held low enough to
prevent substrate oxidation, and held as low as possible to limit the rate of oxidation of the
liguid auminum drop. It was measured with a solid electrolyte furnace system (Figure 5.3-
5.4-4). The sessile drop contact angle was monitored in situ for 8 hours by video and still
digital and by still positive/negative Polaroid photography. The ambient atmosphere was
reduced in oxygen partia pressure and the pO, was continuously controlled and monitored
during the runs.

Figure5.3-5.4-4. The UMR pO, sensor

(A) Al,O3 tube, (B) ThO,— 7 wt% Y, O, tube, (C) Flange and O-ring seals, (D) Experimental gasinlet,
(E) Experimental gas outlet, (F) Reference gasinlet, (G) Reference gas outlet, (H) Thermocouple,

(1) Thermocouple output, (K) Al,O gas carrier tube with galvanic lead, (L) Heating element(M) Insulation,
(N) Metal shell.

5.3-5.4.3.32 Graphite Furnace Vacuum Experiments

At ATC, agraphite-lined vacuum furnace was used to form the drop in situ during the ramp
to the experimental temperature (Figure 5.3-5.4-5).

The contact angle was measured directly using a telegoniometer (Weirauch 1988). In both
techniques, the main concern is to minimize the amount of oxide that forms on the liquid
aluminum drop so that it does not interfere to a significant extent with the formation of the
liquid drop/solid TiB, substrate interface.

1. Post wetting trace chemical analyses were performed on selected aluminum drops.
Particular attention was paid to the pick-up of the substrate sintering additivesin the
aluminum drop to determine if contamination of aluminum in cellswith TiB, cathodesis
of concern with each different TiB, source.
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2. Post wetting chemical and microstructural analyses of the underlying TiB, substrate were
made to determine the extent of chemical interaction and penetration of the TiB; by
aluminum.
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Figure5.3-5.4-5 The ATC carbon furnace vacuum wetting appar atus.
5.3-5.4.3.33 Wetting Experimentsin the Presence of Molten Salt

A few experiments were conducted under a molten salt cover to assess the effect of the salt
on substrate wetting behavior. In these experiments dried O,-free argon was passed over the
surface of aHall Cell salt bath (NaF:AlF; = 1.10 by weight, Al,O3 = 5.9 wt.%, CaF, =5
wt.%) at aflow rate of 0.75 cc/min. The 55g salt bath was contained in a graphite crucible
with the TiB, substrate at its bottom. The graphite crucible was contained in an outer alumna
crucible. After the bath had been held for 1 hr at 960°C, a 2.6-3.0 gram piece of 99.988 %Al
purity was dropped onto the substrate. The crucible was removed from the furnace after the
desired hold time. Loose salt was mechanically removed from the sessile drop sample and
metall ographic cross sections were prepared.
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5.3-5.4.4 Resultsand Discussion
5.3-54.4.1 Low O, Wetting Experimentsat 1 atm Total Pressure

A considerable amount of experimental effort was expended in reducing the oxygen content
of the hydrogen furnace atmosphere to low enough levels so that oxidation of the aluminum
sessile drop would not interfere with the contact angle measurements.

Initial experiments resulted in excessive oxidation of the drop even with 5N hydrogen with
<1ppm O, and <2ppm H,0. In order to lower the pO, of the atmosphere, a Millipore Micro
molecular filter wasinstalled. According to its specifications, the Ultra High Purity grade 5
(99.999%) hydrogen will flow into the filter and the hydrogen flowing out of it into the
system will contain < 1ppb O, and H,O. Thisis 1000 times lower than the cleanest available
tank grade 6 (99.9999%) hydrogen, research grade. Thisis equivalent to that produced by a
palladium diffuser unit, which produces 9N H.

The lowest levels attained were in the 10°%° to 10%* atmosphere range at 1025°C (pO, = 10
atm is the approx. metal/oxide equilibrium value). In most cases the temperature of the
wetting had to be greatly increased (to the temperature for metal/oxide equilibrium at the
attainable experimental pO,) before the liquid a uminum wetting behavior could be observed.
The wetting behavior varied greatly for each of the four TiB, substrates of this study (Table
5.3-5.4-3) and is summarized by the following statements:

« Alcoasubstrate: astable contact angle of 126° up to an 8 hr hold,

» Eagle Picher substrate: the contact angle fell from 98 to 79°during the 8 hr hold at at
1025°C.

» Cercom substrate: aluminum was held in its oxide shell at 1025°C and only broke out
to a spreading condition when the temperature was raised to 1300°C,

» Kubotasubstrate: aluminum spread out over the substrate at 1025°C in afew
minutes.
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Table5.3-5.4-3. Summary of the UMR Wetting Experiments

TiB, Totd Oxygen Partial H, Furnace Contact 6

Run Supplier Pressure Pressure (pO,) Purity | Temp (°C) Initial / Final
EPR-A Eagle Picher latm 4N 1025°C | 90°/ 89°
EPR-B Eagle Picher latm SN 1025°C | 116°/96°
EPR-C Eagle Picher latm SN 1025°C | 103°/ 102°
EPR—-D | EaglePicher | 1atm 1.6x10% . 1x10™ ON 1025°C | 98°/ 79°
EPR-E Eagle Picher | 30torr 9N 1400°C | 95°/0°*
EPR-F Eagle Picher | 30torr ON 1300°C | 90°/75°- Q0°*
CRM —A | Cercom 30 torr 9N 1400°C NA/0Q°*
KBT —A | Kubota 30 torr 9N 1025°C NA / 24°
ALC-A | Alcoa 30 torr 9N 1335°C | 112°/6°*
ALC-B | Alcoa 1 atm 1.6x10% . 1x10™° ON 1025°C | 126°/126°
KBT-B | Kubota 1 atm 1.6x10% . 1x10™° ON 1025°C | NA/Q°*
CRM —C | Cercom 1 atm 1x10% . 6.5x10™° ON 1300°C | NA/Q°*

* Complete wetting underneath oxide shell.

During the drop placement process, the oxygen content of the atmosphere was observed to
rise when the drop doser system was valved open. The higher oxygen partia pressure shown
in the Table 5.3-5.4-3 represents the highest level or spike related to the dosing process. The
lower value isthe moretypical level that was in the sessile drop furnace before dosing and
for most of the experiment after recovery from the drop dosing operation. Despite these low
oxygen levels, the contact angle results obtained in the 1 atmosphere, low oxygen
experiments were much higher than those expected based on the published literature on the
wetting of high-purity titanium diboride under vacuum conditions (Figure 5.3-5.4-6).
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Figure5.3-5.4-6 Thewetting of dense polycrystalline TiB; by Al under

The poor wetting behavior observed in the ultra high purity hydrogen atmosphere prompted
several changes to the experimental procedure. The dosing process was eliminated since a
risein oxygen partia pressure was found that related to valving. The aluminum drops were

vacuum conditions.

therefore formed in situ by melting a piece of Al that was placed on the substrate at the
beginning of the experiment. In order to remove the inf:TL:ﬁnce of gasses desorbed from the

cooler ends of the furnace during heatup, a rough vacuu
maintained with atrickle of ultra high hydrogen. The oxygen partial pressure was therefore

expected to be similar or better than those attained in the earlier experiments, but the total
pressure had been reduced. At the same time temperatures were raised to promote more
rapid wetting. The following results were obtained:

Alcoa substrate: aluminum broke out of its thin oxide shell at 1335°C into a contact

angle of 112°. The angle decreased to 6° after a 38 min. spreading period.

3 A gage pressure of 28.5 in. Hg was recorded
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These results are in better agreement with the avail able published results for the wetting of
TiB, by auminum, but very high temperatures were required. The key factor in the different
wetting behaviors is not known since temperature and drop formation technique were
different for the rough vacuum experiments and the 1 atm low pO, experiments. The high
temperatures render these results of little value for predicting the wetting behavior of
different TiB, materials at more typical cell operation temperatures of 960°C.

Eagle Picher substrate: aluminum broke out of its thin oxide shell at 1300-1400°C

into a contact angle of 90-95°. The angle decreased to 75° after 8 min. and then

spread out over the substrate.

Cercom substrate: aluminum broke out of its thin oxide shell at 1400°C and

immediately spread out over the substrate.

Kubota substrate: aluminum spread out over the substrate at 1025°C in a few minutes
with a primary drop contact angle of 24°and a secondary contact angle of 0°.

5.3-5.4.4.2 Graphite-lined Vacuum Furnace Wetting Experiments

The wetting experiments conducted at ATC in a graphite-lined vacuum furnace are

summarized in Figure 5.3-5.4-7.
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The observed contact angle on the Kubota substrate fell to 15 degrees before the hold
temperature of 1025°C was reached. The contact angle on the Cercom substrate fell to 0°
after a45minute hold at 1025°C. The wetting kinetics were slower on the Eagle Picher
substrate taking 2 hrs to reach 7 degrees. The slowest wetting kinetics were observed on the
Alcoa material where the contact angle was 28° after 24 hrs. These directly observed contact
angle changes are a consequence of physical wetting phenomena, chemical reactionsand in
some cases substrate penetration. These contact angle results for the different substrates can
not be interpreted as wetting differences until the extent of chemical reaction and penetration
isdetermined. The resultsfor the Eagle Picher substrate are closest to true wetting behavior.
Cross sections through the drop cooled to room temperature revealed no indications of
chemical reaction with the substrate or grain boundary penetration (Table 5.3-5.4-4). It was
also observed that athin layer of aluminum that could not be resolved in the telegoniometer
had spread along the substrate surface (Figure 5.3-5.4-8).

EXPERIMENT R321

Figure5.3-5.4-8 Secondary spreading observed around the drop perimeter of a wetting
experiment of Al on Eagle Picher TiB, after cooling to room temperature.

Thisindicates that a contact angle of zero had been attained on the Eagle Picher TiB, during
the wetting experiment.

When viewed in metallographic cross section, the Alcoa TiB, substrate also showed little
evidence of chemical reaction or substrate penetration (Figure 5.3-5.4-9). A few second
phase particles were observed in cross section in the aluminum near the Al / TiB; interface
and presumed to be Al4,Cs. The porous Cercom substrate was penetrated by aluminum so that
the observed contact angles changes resulted from a combination of wetting, spreading, and
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penetration phenomena (Figure 5.3-5.4-10). The Kubota substrate reacted and expanded so
that the final apparent contact angle was actually the angle formed on the substrate by the
reaction product layer (Figure 5.3-5.4-11).

25KV 30.8X S33M 9739 001010BM

Figure5.3-5.4-9 Metallographic cross section through the Al sessiledrop on Alcoa TiB;
after 2 hrsat 1025°C in a 3.8x10™ torr vacuum in the carbon-lined furnace.
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Figure5.3-5.4-10 Metallographic evaluation of wetting experiment R323
Al on Cercom TiB,, 2 hrsat 1025°C, 5.3 x 10“ torr in carbon-lined fur nace
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Figure5.3-5.4-11 Metallographic valuation of sessile drop experiment R322
Al on Kubota TiB, 1 minute at 1025°C, 2x10 torr in carbon-lined vacuum fur nace.

The final contact angles measured under these experimental conditions are in better
agreement with the expected behavior at this temperature. Furthermore, thistemperatureis
much closer to typical aluminum electrolysis cell operating temperature of 960°C than the
1300-1400°C range required to get complete wetting in the vacuum/H, experiments described
previously.
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5.3-5.4.4.3 Salt Exposure Tests

A few experiments were conducted under a molten salt cover to assess the effect of the salt
on substrate wetting by aluminum. The surfaces of the Alcoa and Eagle Picher substrates
were completely covered by aluminum at 960°C after a 1 hr hold. The macroscopic contact
angles are edge constrained values for alarge aluminum drop so that the true contact is
expected to be lower. Since the Al spread around the edges of the TiB, substrate, the contact
angle is assumed to be close to zero. The Cercom and Kubota substrates showed evidence of
dewetting after a1 hr hold. An example of thisis shown in Figure 5.3-5.4-12. A few
experiments were also conducted to assess the effect of salt exposure only. The results of
these tests are summarized in Table 5.3-5.4-4 and discussed in the next section.

Mixture of Al,Os
NagAlFsand Al

Cu segregation / AccV Spot Magn  Det WD
¢ SALT 20 ppm 15.0 kv 4.0 bOx BSE 10.0 E172
* TiB, 2.4 ppm

Figure5.3-5.4-12 Dewetting of Al from Eagle Picher TiB, after 24 hours
at 960°C under a Hall Cell cover salt (Experiment E172)

€s.3419P 61



5.3-5.4.4. 4 Post-Test Sample Analyses
Metall ographic cross sections were prepared from samples that were exposed to aluminum
only, salt only, or aluminum under a molten salt cover. The results are summarized in Table

5.3-5.4-4.

Table5.3-5.4-4 Chemical Stability the TiB, Samples Under Different Conditions

TEMP. | TIME
SAMPLE EXPER. # °C hrs | OBSERVATIONS
AlcoaTiB, R324 1025 2 no GB penetration;
0.085g Al small amount of second phase at Al/TiB,
vacuum/C interface (Al,C3 ?)
AlcoaTiB, R328 1025 65 nonuniform secondary spreading of Al from
0.288g Al sessile drop perimeter
vacuum/C
Cercom TiB, R323 1025 2 Al penetration into some pores and other pores
0.083gAl unfilled
vacuum/C
Eagle Picher | R321 1025 2 no Al penetration, secondary spreading halo
TiB2 surrounding central Al drop
0.086 g Al
vacuum/ C
KubotaTiB, R322 1025 0 complete Al penetration by 980°C,
0.085g Al Ni pickup by Al
vacuum/ C
Eagle Picher E170 960 1 radial fracture of disk, surface attack
TiB, salt
immersion
Cercom TiB, E160 960 1 penetration by salt and Al, dewetting
2.6gAl possible AlTis;
salt cover
AlcoaTiB, E156 960 1 complete substrate coverage with
2.6gAl edge-constrained contact angles of 24-30°
salt cover 20 microns of GB penetration by Al

possible Al,C;

KubotaTiB, E165 960 1 non wet or dewet, pickup of Fe, Ni, and Si in
29gAl Al
salt cover
Eagle Picher E163 960 1 complete substrate coverage
TiB, spreading around edge of TiB, piece
2.7gAl 50 microns of GB penetration by Al
salt cover unidentified second phase at interface
Eagle Picher E197 960 7 complete substrate coverage with evidence of
TiB, dewetting onset
3.0gAl
salt cover
Eagle Picher E172 960 24 complete dewetting
TiB,
29gAl
salt cover
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The cross sections of the samples from the graphite-lined vacuum furnace wetting
experiments showed little penetration of the Alcoa and Eagle Picher substrates after the 24 hr
and 2 hr holds at 1025°C. The results for the Eagle Picher and Alcoa substrates are therefore
amore reliable record of the contact angle kinetics under these conditions.

Since there is extensive reaction and penetration of the Cercom and Kubota substrates with
the Al drop, the macroscopic contact angles are misleading as was discussed earlier.

Titanium diboride is widely accepted by the Aluminum Industry to be completely wet by
liguid duminum. There are very few carefully-controlled wetting experiments that
demonstrate this fact (Figure 5.3-5.4-6). Above 1000°C a spreading condition (6=0°) was
obtained in vacuum wetting experiments of high-purity Al on a 100 nm thick coating of TiB,
that was deposited on an alumina substrate (Eustathopoulos and Cordurier 1985). The
1025°C vacuum wetting experiments of this study also demonstrated spreading on the Eagle
Picher and Alcoa polycrystalline samples that were sintered to high density. Similar samples
studied by Bardal et al. at 990°C had low, but finite contact angles. A wetting transition to a
contact angle below 90° at 870°C is cited by Eustathopoulos et al. 1985, but such a transition
was observed by Rhee 1970 at 700°C. In an unpublished study (Weirauch 1998) TiB, was
been shown to wet TiB, at 760°C in a1 atm Zr-gettered argon atmosphere. It has also been
shown that a stable contact angle is not reached after a 100 hr hold. The wide scatter of the
TiB, wetting results are partially explained by the spreading kinetics for a given set of
experimental conditions, and the time at which the sessile drop experiment was terminated.
Al spreading kinetics from different wetting experiments are shown in Figure 5.3-5.4-13.
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Figure5.3-5.4-14 The spreading kineticsof Al on TiB, under different

The slow spreading kinetics are attributed to the slow removal of oxide barriers from both the
liguid aluminum drop and the titanium diboride substrate (Bardal et al., 1994). The oxygen
partial pressures attained in the low oxygen experiments of this study are low enough to

experimental conditions.

reduce B,Os3, but not low enough for TiO, or Al,O3 (Figure 5.3-5.4-13).
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Figure5.3-5.4-14 The oxygen level in the 1 atm wetting experiments compared
to selected metal-oxide equilibria.

The measured 10™>2 to 10%° atm range of the oxygen partial pressures of the furnaces
atmosphere approaches the equilibrium pO, of B/B,Os a 1300°C (10%° atm). Whileitis
tempting to conclude that the slow spreading kinetics are controlled by reaction with a B,O3
layer on the titanium diboride surface, more work is required to characterize the oxide layers
that form on these materials.

The kinetics of wetting TiB, by liquid Al are greatly accelerated under a cryolitic salt cover.
A spreading condition was observed in this study after a2 hr hold at 960°C under the Hall
Cell bath, and it may have been achieved at shorter times. Watson and Toguri 1991 used
radiographic techniquesto track the Al spreading kinetics on hot-pressed TiB, under a
cryolitic melt cover. They observed a spreading condition within a few seconds at 980°C.
The spreading kinetics decreased as the carbon content of TiB,/C compositesincreased. It
took 90 minutes for complete wetting to be reached at 1000°C under a salt cover for aC-TiB;
composite containing 38 wt.% C.

The loss of sample mass from the Al drop under either vacuum conditions or a salt cover isa

concern asit could affect the apparent contact angle kinetics. On real solid surfaces a contact
angle hysteresisis anticipated with the highest value being the advancing contact angle (6,)
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and the lowest the receding contact angle (6,). If liquid massislost, and the drop perimeter is
fixed, the angle will fall until 6; isreached (Watson and Toguri 1990). Further loss of mass
will cause the contraction of the drop perimeter to maintain the contact angle at 6;. Inthe
vacuum wetting experiments on the Alcoa substrate (Figure 5.3-5.4-6) the drop perimeter
was observed to advance up to approximately 24 hrs. Thereafter a slow retreat of the contact
line was observed. A breakpoint in the wetting kinetic curves is observed at thistime. At
shorter times metastable 6, values are observed while after thistime 6, is observed.

5.3-5.4.4.5 Impurity Pickup in Al

The growth of the oxide layer on the Al sessile drop interrupted the spreading processin the 1
atm low-oxygen experiments conducted at UMR. Thisresulted in drops with contact angle
of 90 degrees or higher that didn't change during the hold at temperature. In other words, a
solid-liquid interface was formed in these experiments, but rapid oxidation altered the liquid-
vapor surface. These experiments were useful in tracking the migration of impurities from
the TiB, substrate to the high-purity auminum. Since the contact angles were high, the drop
could be removed from the substrate and dissolved for analysis by inductively-coupled mass
spectrometry (ICP-MS). Thelevels of the mgor impurities picked up from the Alcoaand
Eagle Picher materials are shown in Figure 5.3-5.4-15. Thefall in some levelswith
increasing time may reflect the errorsinherrent in this procedure. The impurity levelsin Al
detected after an 8 hr hold at 1025°C in the low-oxygen 1 atm experiments are shown in
relation to the starting impurity levelsin Figure 5.3-5.4-16. It is seen that certain impurities
like Fe and Cr are more readily picked up Al than others (W, Nb, Zr). The higher levelsfor
the Eagle Picher TiB, may also be influenced by the greater liquid-solid contact areathat is
associated with the lower contact angles for this material. More careful experimentation to
control the contact area and drop massis required to quantify this behavior. Nevertheless, if
sintering aids are to be used to produce dense TiB, plates to be used as cathodes, the elements
that are slower to be picked up may be preferred.
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Figure5.3-5.4-15 Impurity pickup in the Al sessile drops stranded
on two TiB, substratesat 1025°C, pO, = 1.6 x 10% atm
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OXIDE-RESTRAINED SESSILE DROP EXPERIMENTS
(8 hr hold at 1025°C in low pO2 atmosphere)
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Figure5.3-5.4-16 Impurity pickup in Al dropsafter 8 hrsin contact
with two different TiB, substrates at 1025°C

5.3-5.4.5 Conclusions

1

€s.3419P

Many characteristics of TiB, materials will influence their wetting behavior by
aluminum. Those examined in this study include TiB, grain size, porosity, and
impurity type and content.

It was not possible to reduce the oxygen content of the 1 atm hydrogen gas
atmosphere low enough to prevent the rapid formation of an aluminum oxide layer on
the aluminum sessile drop. At 1025°C and a pO; of 1.6 x 10°%* atm, the oxide layer
constrained the drop spreading process, yielding artificially high contact angles.
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When the temperature was raised above 1300°C, the wetting and spreading behavior
expected for the dense, high-purity TiB, was observed. The measured 10> to 10%°
atm range of the oxygen partia pressures of the furnaces atmosphere approaches the
equilibrium pO, of B/B,Os at 1300°C (10 atm). A more thorough characterization
of the oxide layersthat form on agiven TiB, substrate material is required to interpret
the observed spreading behavior.

A wide range of wetting, spreading, and TiB penetration behavior was observed for
the four substrates in 1025°C carbon vacuum furnace experiments. In order to
distinguish between the wettability of different materials using the sessile drop
technique, it isimportant to track the change in contact angle with time and establish
that stable values have been attained. Arbitrary termination of the experiment after a
constant hold time could interrupt the physicochemical interaction of the liquid drop
with different solid substrates at different stages of the process.

The dense, high-purity Eagle Picher TiB, was strongly wet by Al and achieved a
spreading condition (contact angle = 0°) within 2 hrs at 1025°C.

The spreading kinetics of the dense Alcoa TiB, was slowed by the presence of 2.2
wt.% C and only attained a spreading condition after 65 hrs at 1025°C.

The true wetting behavior of the Kubota and Cercom materials was not revealed by
the contact angle measurements. The 28.5% apparent porosity of the Cercom TiB;
resulted in substrate penetration that affected the contact angle results. Strong
reaction between Al and the 5.5 wt.% Ni of the Kubota TiB, resulted in an expansion
of the substrate that affected the measured contact angle.

Wetting experiments conducted under a Hall Cell salt cover confirmed the wetting
results obtained under vacuum in a carbon furnace for the Eagle Picher and Alcoa
TiB, samples. The wetting kinetics are greatly accelerated under the salt cover and
the effect of oxide dissolution in the molten salts apparently playsarole. Very
different results (dewetting) were obtained for the Cercom and Kubota materials
suggesting that chemical and physical interaction with the salt will affect the reaction
and penetration behavior of impure or porous TiB..

Stable liquid-Al/solid TiB, couples were produced in the 1 atmosphere low oxygen
experiments that were used to track impurity migration from the solid to the liquid. It
is seen that certain impurities like Fe and Cr are more readily picked up Al than others
(W, Nb, Zr). Further experimentation with careful control of the contact area and
drop mass is required to quantify this behavior. Nevertheless, if sintering aids are to
be used to produce dense TiB; plates to be used as cathodes, the elements that are
slower to be picked up may be preferred.
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9. The molten salt attacks TiB, grain boundaries. The order of wetting (Al vs. salt) will
need to be addressed in future studies as it may influence the long-term stability of the
cathode material.

5.3-5.4.6 Recommendationsfor Future Work

1. A technique for evauating the long-term chemical stability and wetting behavior of
candidate TiB, cathode materials under aluminum electrolysis conditions needs to be
developed. Thiswould contribute to a better understanding of the effect of the
electrolyte on the critical chemical and physical interactions occurring between Al and
TiB, in practical cathode operating conditions.

2. The performance of dense plates of TiB; sintered with refractory metal additives
should be assessed in vertical cell electrolysistests. TiB, with areduced level of Ni
should also be considered as Ni drives spreading on TiB, surfaces.

3. Thewetting behavior of porous C-TiB, cathode materials by Al should be thoroughly
characterized.

4. The effect of sample porosity and reactive impurities on wetting and penetration
kinetics merits further study.

5. More attention needs to be paid to the nature of the oxides that forms on sintered TiB,
materials. This needs to be considered in the context of chemical reactions that occur
with both molten salt and molten aluminum.
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Attachment: Survey of TiB; Vendors Conducted by MRD

Boron Department

798 Hwy 69A

Quapaw, Oklahoma 74363
Phone 918 673 2201

Studied hot pressed TiB2 substrates from
this company

Have chemistry and cost for smaller hot pressed TiB2
Contact: Larry Addington

3169 Redhill Ave.
CostaMesa, Ca 92626

Phone 714 549 0421

Exchanged e-mail, phone conversations and faxes
Chemistry and cost for biggest hot pressed TiB2 available.
Have quote for smaller tile for anaysis.

Contact: Dennis Hoskins ext 201

800 Lancaster Avenue
Berwyn, PA 19312-1780

Phone 1 800 821 2870

Currently have quote from them - very expensive
No chemistry available

Quote by FAX : REF #Q245906
www. Goodfellow.com Pricesfor smaller sasmples aso
on web page

Japan

Nishi-Shinjuku Kimuraya Bldg.
5-25, Nishi-Shinjuku 7-chome, Shinjuku-ku
Tokyo 160-0023, Japan

Exchanged e-mail
e-mail contact: "hiroshi-y@kubota.co.jp"

Sent e-mail with no response
Sent another e-mail with no response.
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1960 Watson Way, PO Box 70
Vista, CA 92083

Contact: Richard Palicka 1-760-727-6209 Ext 18
Have starting chemistry,
This materia included in wetting studies

699 Hertel Ave.
Buffalo, New Y ork 14207

Contact: Christopher Hailand 1-716-875-4091

e-mail: chailand@art-inc.com

Sending chemistry and free samples for wetting studies.
Last contact: 7/14/2000

5713 E. Fourth Palin Blvd.

Vancouver, WA 98661

Contact: Dr. Edwin Kraft 1 360 750 6147
They do not manufacture TiB2.
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TASK 9: BENCH TEST OF ANODE METAL PHASE, THIN CATHODE PLATES,
ALUMINA OPERATING RANGE, CATHODE CONNECTIONS, AND SIDE WALL
BARRIER

Anodes with varying metal phase contents and adderswill betested to provide the best
choice based on corrosion rates, aluminum impurity levels, and electrical conductivity.
A favored thin cathode plate concept will beincluded in the bench cell design. Thistest
will also help select an advantageous alumina operating range, a workable vertical
cathode connection to the metal sump and an improved sidewall barrier. The best
experimental plan will be pre-deter mined with statistical software using estimated
corrosion ratesto determine the tradeoff between duration of a test and number of
tests, repetitions, and variables such as anode metal phase content and cathode size.
Two or even three smaller testswith less variables may be substituted asindicated by
on-going experimental results and updated experimental plans.

9.1 Design, Procure, and Build Cell
Minor design changeswill be required to incorporate vertical cathode connection
concepts, a barrier improvement, and thin cathode plates.

9.2 Operate Test

The anode electrolysis area (including a reasonably constant anodic current density),
the aluminum cathode surface area, bath level, theratio of NaF to AlF3, and the
alumina concentration arecritical parameters, which must be controlled to selected
values. Theresistance of anodes, cathode plates and cathode connections will be
determined asafunction of time. Estimates of current efficiency and sludge for mation
will be made.

9.3 Autopsy Unit, Analyze data

Anode corrosion rates and oper ating voltages will be evaluated using a statistical
package to deter mine statistically significant differences. Analysesof metal and bath
will be doneto determine impurity levels. Estimates of current efficiency, cathode
wetting and sludge formation will be made. The unit will be examined to determine
bath penetration of the barrier and graphite crucible and deterioration of cathode
plates, cathode connections, and critical materials. Chemical analysesand SEM/EDAX
analyses will be performed on autopsy samples.

In order to study critical features of cellswith vertical arrays of inert anodes and stable
cathodes, large bench scale cells were designed and built which were typically operated at 40
amps compared to 7.5 amps for pencil anode cells used primarily for material tests. Current
densities ranging from 0.2 to 0.5 amp/cm? were the same for both types of cells. These large
bench cells could incorporate either vertical or horizontal electrode configurations. Several
of these cellswith vertical electrodes - designated VP1 to VP14 - weretested and current
efficiencies ranging from 25% to 66% were measured. These values were lower and more
variable than expected even considering that adverse conditions such as sludging were
sometimes deliberately included in thetest. At least some of this variability appeared to be
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due to differences in the wetting characteristics of the TiB,-G vertical plates based on
examination of the cathodes after the tests. The vertical cathode geometry and cell design
details were also considered important factors.

In pencil anode cells operating at 7.5 amps, we typically see 90-93% current efficiency. The
pencil cells have ahorizontal aluminum sump as the cathode. A large bench cell was built to
parallel as closely as possible the geometry used in the pencil anode experiments. The only
significant difference between this cell (designated VVP18) and the pencil anode experiments
was the anode size. The anode used was atypical 40 amp anode, approximately 1" thick by
2" wide by 9" tall. It wasimmersed to 6.1 cm, the standard immersion for the pencil anodes.
Current efficiency was excellent at 92%. This run proved that high current efficiency can be
attained in the 40 amp cell when the cathode is configured in a horizontal position.

The next three 40 amp cells (VP19,VP20, and VP21) had vertical TiB,-G plates as shown in
Figure 5.3-9-1 with the dimensions correct for VP21. Current efficiencies for this group
ranged from 65% to 77.5% which were better than previous 40 amp cell tests with vertical
plates but inferior to the horizontal cathode test at 92% CE. The vertical plates were directly
immersed in the horizontal metal pool at the bottom of the cell. Thus there was no problem
with a continuous flow of metal off the cathode plates into the metal pool. Previous runs
with the vertical geometry had sloped regions leading to the metal pad. These plates were
also pre-wet with molten auminum. VP21 had the low value at 65% but it also had the
greatest interfacial area (shadow) between anode and cathode. Theinterfacia height was 3.5
inches for VP21 versus 1.5 inches for VP19 and VP20. The cathode for VP21 was also
closer to the bath surface - within 0.5 inches compared to 1 inch for the other two tests. Both
a higher shadow and proximity to the bath air interface are expected to lower current
efficiency. For VP21, the anode was in contact with the Monofrax brick as shown in figure
5.3-9-1 whilefor VP19 and VP20, the anodes were 1 inch above the brick. This gap may
have changed some of the bath flow patterns in the cell, reducing the interaction between the
down flowing metal and the up flowing bath. Lessinteraction might mean less reaction
between soluble Al and oxygen -and higher current efficiency.
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Figure 5.3-9-1 Bench scale vertical plate cell with two cathodes and one anode.
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Figure 5.3-9-2 shows the current efficiency results for al the large bench tests with vertical
cathodes that were operated for sufficient time to obtain adequate measurements.

Bench Tests - Vertical Electrode Concept
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Figure5.3-9-2 Current efficiency resultsfor various bench vertical plate experiments.

Two vertical bench tests (VP23 and VP26) achieved high current efficiencies of 90.5% and
96.2%, respectively by using pure TiB2 cathode plates instead of TiB2-G which had been
used in al previoustests. These plates were not pre-wet with aluminum and had a 2.5 inch
interfacial height with the anode. Aluminum wetting of the TiB2-G material has been
inconsistent from sample to sample and sometimes on one sample.

After these results, the cell geometry was changed to a single central cathode flanked by two
anodes. This eliminates very low current density, cathode areas located on the back of the
cathode plates- away from the major electrolysisregion. Runs VP27 and VP30 also utilized
pure TiB2, were not pre-wet and had a 2.5 inch and 4.0 inch shadow, respectively. The
current efficiencies were lower at 80% and 85%, respectively, probably because a poor
connection in the anodes led to poor current distribution and overheating of the anodes.

A bench cell with two vertical anodes and a centered vertical cathode (VP31) was then tested
with a6 in. interface or “shadow” between them. Thiswasthefirst test at this shadow height
which is prototypical of commercial cell concepts with vertical electrodes. Two pure TiB;
plates had to be joined together to achieve the required height. The TiB, cathode horizontal

joint did not drain aluminum metal and caused a short circuit resulting in a poor CE ~25%.
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The anode aso had anovel connection which seemed to improve with time, resulting in a
lower cell voltage.

VP32 operated at 60 amps with a six inch shadow between two vertical anodes and a central
cathode without joints as shown in Figure 5.3-9-3. A single thin (0.20 inch) CerCom TiB,
plate served as the cathode. A new vertical anode connection was used. Thiscell achieved a
respectable 76% current efficiency and alow voltage operation of 3.8 volts. The metal sump
was too small and metal overflowed causing some shorting near the end of the test, which
may have reduced the current efficiency.
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These results provide reasonable confidence that high current efficiencies can be achieved
with vertical electrodes at interfacial distances of 2.5 inches and anode-cathode spacing of 1.5
inches. Further tests must demonstrate current efficiencies greater than 90% at interfacial
distances of at least 6 inches. Tall (at least 9 inches), relatively pure TiB, plates are needed
for future prototypical tests. Several vendors were identified and tall plates purchased for 60-
300 A tests. Plates of sufficient height were received from both Cercom and Kubota, and one
was used in VP32. In addition, CerCom has supplied some 12 x 12 x 0.06 and 12 x 12 x 0.22
inch plates from inventory and can produce 18 x 18 x 0.25 inch plates. These are sufficiently
large for 2000 amp pilot cell runs. Wetting characteristics of these new materials need to be
established.

TASK 11: BENCH TEST OF ANODE CERAMIC PHASE, ADVANCED CATHODE
PLATES, IMPROVED LID DESIGN, IMPROVED ANODE CONNECTIONSIN A
CELL MODIFIED TO REDUCE OR REMOVE SLUDGE (ORIGINAL)

Anodes, which have been previously screened, will include ceramic phase changes that
could reducethecorrosion rate or reduce problem impuritiesin the metal produced.
These will betested in thiscell to help select the best performers. Thistest will also
include advanced cathode plate technology from the candidates developed under Task
5.

11.1 Bench Test of Horizontal Anode Designs (Revised)

Theoriginal Task 11 wasnot appropriate for thework required. Thistask tested
different connection schemesin electrolysis cellsfor bench scale horizontal anodesto
permit the selection of a design or designsfor the pilot cell.

HP1, Horizontal Plate, was our first attempt to run a bench cell with ahorizontal plate anode.
A 40 amp anode was cut in half to 2" x 4" x 1". Two spots on the large surface were reduced
with carbon to permit two nickel rods (already attached to a nickel plate) to be diffusion
welded to the anode. The diffusion weld was performed. Aninconel connector rod was
welded to the upper nickel plate. Thisanode was then installed in a bench electrolysis cell.
After 36 hours the anode fell off. Upon autopsying the cell, the anode had separated from the
rods at the diffusion weld.

HP2, Horizontal Plate # 2, was the second run utilizing a horizontal plate anode. Two spots
were again reduced on the large surface to permit two nickel rods to be attached by diffusion
welding. The diffusion welding procedure was modified slightly increasing the weight on the
upper plate to try to improve the contact and thus improve the diffusion weld. The anode
again disconnected from the nickel rod after 28 hours. In this case, part of the reduced metal
zone was actually pulled out of the anode, indicating that the diffusion weld was stronger
than the reduced metal zone. Thisinitiated efforts to connect the rod to the plate via
mechanical means rather than just a diffusion weld to the reduced zone.
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HP3 was the third attempt using a redesigned connector bar structure. This structure involves
amechanical support based on gripping aledge machined into the side of the anode. This
anode was successfully run for 95 hours. There were some operational problems due to high
heat |osses up the more massive metal connector rod and pipe. The heat |osses may have
been accentuated by the location of the cell high in the furnace.

Horizontal anode run HP4 was run using the same redesigned connector bar structure asin
run HP3, with the objective of testing the pressed-fit electrical connection. The anode current
density was lowered to 0.5 A/cm2. The anode connection performed well for the 72 hour run,
with no voltage problems. The copper foil used at the anode-metal interface to improve the
connection was intact at the end of the run and adhered to the anode. As an additional data
point, the metal parts were coated with a plasma-sprayed aluminum oxide coating. This
coating provided substantial, but not complete, protection of the Inconel assembly.

Subsequent tests of aluminum oxide and nickel ferrite plasma-sprayed coatings were
performed on small inconel test coupons. Coatings were applied on substrates at ambient,
500 and 1000°C. Exposureto 1350°C in air revealed good performance of the nickel ferrite,
but bubbling and spalling of the alumina upon cooling. Exposure to bath vapors, however,
revealed severe bubbling and cracking of the nickel ferrite, while the alumina coatings were
intact, but again, spalled upon cooling. The decision wasto continue to use the alumina
coatings for future bench and pilot tests, while continuing to search for improved coatings. A
poured-metal connection between the inert anode and a metal stub was investigated as an
alternative anode connection. A small anode was produced using a poured Cu-Ni metal
interface, and was evaluated. A poured cast iron connection was tried.

Task 11.2 - Horizontal Cell Pilot Test (Revised)

Again, theoriginal task wasinappropriate. Thistask investigated the operation of a
large pilot cell with inert anodes arranged in horizontal platesfacing a molten
aluminum cathode.

Rebuild for the horizontal pilot was completed. An interior cavity design with aTiB,-G
lower lining and with Monofrax lining the upper sidewalls was utilized. A proprietary Alcoa
TiB, paint was used as a cement by altering the composition. The paint is a Ti-B-organic
vehicle paint. By reducing the vehicle (increasing the Ti and B powders), the paint gets
thicker and will act as a cement. We used the “cement” to bond the TiB,-G platesto the
graphite substrate. An anode design with four horizontal plate anodes, each roughly 6" by
12" by 2" provided enough anode areato run at 1000 amps at 0.6 amps/cm2. The cathode
connector bars were dlightly re-designed to utilize TIB,-G rods as the lower end connection
to the metal pool. The graphite block for the bottom of the cell was designed with a metal
sump to permit easier metal tapping. The cathode was the horizontal molten Al surface.
There were no vertical plate cathodes.

Four feeders were utilized to ensure better aluminafeed control.
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The superstructure was completed and set in place. Minor changes to severa lid components
were made. Plates were manufactured and coated to protect the bottom side of the anodes
during heatup. Upper inner lids were also manufactured. The interior of the cell, including
the TiB> plates, the Monofrax sidewalls and the Al plate to protect the TiB, were all

installed. The cathode rods were built and baked oui.

Feeding problems were apparent almost immediately. The crust breakers were not able to
keep open alarge enough area between the anodes to allow the feed to fall into liquid bath
and dissolve into the bath. The bath stuck to the crust breaker rods and eventually plugged
the bottom of some of the feed tubes. An attempt to hand feed the cell produced significant
sludging due to localized high alumina concentrations. The crust breakers were moved to an
external tube outside the feeder tubes to try to solve the plugging problem. Manual crust
breaking was attempted, but this applied too much force to the anodes. The keyways on
anodes 2 and 3 broke causing those two anodes to fall into the metal pad. No thermite
reaction ocurred when the anodes fell into the molten aluminum metal pool.

The remaining anodes were relocated into positions 2 and 3 and DC electrolysis was
attempted again. The feed dissolved into the bath when the bath temperature was 990°C.
Attempts to lower the bath temperature to the target operating temperature of 965-975°C
invariably led to crust formation. The feed would pile up on the bath necessitating manual
crust breaking. Metal levelsincreased confirming metal production. Sludge was removed
from under the anodes by sweeping with abent rod. A large mass eventually formed on the
bottom of the east anode. When that mass was dislodged, it was observed that a corner of the
anode had broken off. DC was stopped and the anodes removed. The cell was on DC for
over nine days at current levels between 220 amps and 425 amps at voltages of 4.2V t0 6.0
V.

Two new anodes were installed slowly to minimize thermal shock. Minimizing temperature
increases to 100°C/hour led to installation times of approximately 10 hours (room
temperature to 960°C). Both anodes were successfully installed with no apparent damage.
These anodes had substantial insulation packs stacked on top of each anodeto try to
minimize heat |oss and to maximize the temperature of each anode. The anode connector
rods were designed differently. One was a pipe with a separate internal heater connected to
its own power supply for heat input control. The second had areduced diameter shaft to try
to heat the rod by increased IR heating. The pipe with a heater worked slightly better with a
higher temperature on the top surface of the anode (930°C versus 910°C).

Additionally, at the same time the new anodes were installed, new subset lids were installed
with more insulation to keep more hest in the cell to minimize crust formation. The
combination of anode insulation and the insulation in the subset lids did help the thermal
balance which manifested itself in asmaller temperature differential between the graphite
crucible and the bath temperature. Where this difference had been running 90°C, it dropped
to 50°C. Power supply problemsinitially made it impossible to run the DC power at

440 amps. Once the power supply was fixed, we were able to increase the current to

€s.3419P 83



440 amps. With the increased heat input under the anodes, crusting decreased and operations
became much easier.

Task 11.3 — Autopsy Unit, Analyze Data

Anode corrosion rates and oper ating voltages will be evaluated using a statistical
package to deter mine statistically significant differences. Analyses of metal and bath
will be doneto determine impurity levels. Estimates of current efficiency, cathode
wetting and sludge formation will be made. The unit will be examined to determine
bath penetration of the barrier and graphite crucible and deterioration of cathode
plates, cathode connections, and critical materials. Chemical analysesand SEM/EDAX
analyses will be performed on autopsy samples.

The cell was autopsied after being shutdown on 1999 June 05. Probing during operation had
indicated that there was severe attack on the Monofrax (fused cast alumina) used as the
sidewall material. Thiswas confirmed during the autopsy as the Monofrax just above the
lower TiB, sidewall was completely gone. The Monofrax wasinitialy 1.5 inches thick and
roughly 1-2 inches of height were missing. The graphite crucible behind the Monofrax was
reacted from 1 to 3 inches deep, probably by oxygen gas produced at the anodes. These
reacted volumes were largest to the north and south of each anode, probably due to the
proximity of the anode to the wall at those points (the anode to wall gap was only 1 inch).
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Figure 5.3-11-1 Attack on Graphite Crucible Behind Monofrax

The TiB,-G plates used to line the lower sidewalls, shelf floors and sump walls and floor
were largely intact. The lower sidewall pieces were in very good shape, even retaining sharp
edges. They were, however, not wetted on the inner vertical surface in most places. The
shelf floors were wetted over most of the surface with 0.125-0.25 inches of aluminum. Only
the inner edge nearest the sump was deteriorated. In that location, the TiB,-G was essentially
gone. Inthe sump floor, the TiB,-G was wetted, but thinner than initially installed. Part of it
may have dissolved away, but part was probably physically eroded during metal tapping,
desludging and probing. Overal, the TiB,-G held up well and most, though not al, was
wetted by aluminum.

The large graphite crucible was in very good shape and was re-useable.
Anode corrosion rates were determined by physically measuring thickness changes after the
anodes were removed from the cell. An average wear of 1.57 inches/year was estimated by

averaging many measurements from several anodes. Impurity levelsin the aluminum slowly
deteriorated over the course of the campaign. Ferose from 0.42% to 8.9%, Ni from 0.007%
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to 5.8%, and Cu from 0.097% to 2.8%. Bath was sampled routinely and analyzed regularly
for ratio and alumina concentrations. Bath ratio varied widely as we fought temperature
control issues from 1.03 to 1.22 with an average of 1.15. Alumina concentrations also varied
as feed control and sludging both caused difficulties. Aluminavaried from 6.0% to 10.7%
with an average of 7.5%. Some very high alumina concentrations of 13% were obtained
from sludge samples from the bottom of the cell. Impuritiesin the bath were relatively low,
0.16% Fe, 0.07% Ni and 0.03% Cu.

Current efficiency was low in all three segments of the run. Best estimates are 23%, 24% and
36%. These may be slightly low due to metal sample weights that were not accounted for.
Regardless the metal risein the crucible never approached the rate of rise expected at the
current levels that we ran.

In conclusion, the horizontal pilot cell had two design defects: there was insufficient free bath
surface area to permit easy feeding and there was insufficient top lid insulation which led to
high heat losses and surface crusting. Changes made for the second half of the run did reduce
top heat losses and solved the feeding/crusting problems.

TASK 15 MODELING

A physical model of arepresentative section of the commer cial cell will be used to
improvethe alumina feeding strategy and the electrolyte circulation. The existing
computer modelsfor current efficiency and distribution will be improved and enhanced
to include anode corrosion predictions based all availableresults. A see-in cell with
longer lifewill be developed to allow visualization of interfacial processes on electrode
surfaces - bubble formation at the anode and aluminum wetting of the cathode.

15.1 Physical Modeling of Cell to Verify Interfacial Characteristics Prevent Mucking
See-in cellswill beimproved to extend their lifefor studying critical interfacial
phenomena. Thiswill includethe study of bubble formation, growth and interaction to
avoid foaming and current efficiency losses due to migration of small bubblesto the
cathode. Thiswork will visualize cathode wetting by aluminum to guar antee adequate
drainage of aluminum from the electr ode compartment. |nadequate drainage can lead
to short circuiting and loss of current efficiency. A physical model of arepresentative
section of the cell will be used to improve the alumina feeding strategy and the
electrolyte circulation pattern in order to maintain correct alumina concentrationsin
the electrolyte and to develop methods for reducing sludge formation and/or removing
it. Preventing "rafts' and distributing thefeed are considered critical techniques for
rapid feed dissolution without mucking. The primary choice for thiswork isawater
model with gasbubbles piped into the anodes, but some consideration will be given to
producing the bubbles by electrolysis using either an acidic or basic solution as an
electrolyte.

A water model facility was set up to assess cell designs for the electrolyte circulation. The
initial model was a horizontal anode cell configuration and assessed dissolution of Al;Os.
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Flow visualization techniques was used to provide qualitative measurements and Particle
Image Velocimetry (PIV) was used for quantitative values. It was aso used to assess the
influence of anode gas evolution on metal pad movement and alumina dissolution. A water
model of a2" x 6" dlice of ahorizontal anode wastested. The anode was made from a block
of porous carbon in a Plexiglas box. Isopropyl acohol (2%) was added to the water to reduce
bubble size to those expect to be generated by an inert anode. It was important to obtain a
uniform bubble layer under the anode. This was done by adjusting the spacing of holesin the
porous block, improving the seal between the block and the box, and selecting the best
porous media. The PIV system was used to measure a flow field generated by the bubbles.

In conclusion, the water model was very useful in understanding gas driven fluid flow under
and around the horizontal anodes. Two different types of sloped gas channels were tested
first in the water model and later in the horizontal pilot cell.

6.0 CONCLUSIONS

Phase I11 as originally proposed was focused on the operation of three pilot cells and the
attainment of various operating parameters in those three pilots (see page 3 and the details on
cell operability, cell performance, anode performance, alumina feed system and economic
assessment). However, due to serious problems in attaining acceptable current efficienciesin
bench vertical plate cells, the work was refocused into three areas. bench vertical plate cells,
anode composition development and cathode wetting. Thus none of the original pilot goals
were even tested let alone accomplished.

All of the milestones related to materials, in particular metal purity, were attained with
distinct improvements over work in previous phases of the program. NiO additions to the
ceramic phase and Ag additions to the Cu metal phase of the cermet improved corrosion
resistance sufficiently that the bench scale pencil anodes met the purity milestones. Some
excellent metal purity results have been obtained with anodes of the following composition:
14% Cu, 3% Ag, 83% composition 5301 (51.7% NiO, 48.3% Fe,Os.

Further improvements in anode material composition appear to be dependent on a better
understanding of oxide solubilitiesin molten cryolite. For that reason, work was
commissioned with an outside consultant to model the MeO-cryolite systems. That work has
led to a better understanding of which oxides can be used to substitute into the NiO-Fe;Os
ceramic phase to stabilize the ferrites and reduce their solubility in molten cryolite.

An extensive number of vertical plate bench electrolysis cells were run to try to find
conditions where high current efficiencies could be attained. TiB,-G plates were very
inconsistent and led to poor wetting and drainage. Pure TiB; did produce good current
efficiencies at small overlaps between the anodes and cathodes. This bench work with
vertical plate anodes and cathodes reinforced the importance of good cathode wetting to
attain high current efficiencies. Because of those conclusions, new wetting work was
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commissioned and became a major component of the research during the third year of Phase
1.

While significant progress was made in severa areas, much work needsto be done. The
anode composition needs further improvements to attain commercia purity targets. At the
present corrosion rate, the vertical plate anodes will wear too rapidly leading to arapidly
increasing anode-cathode gap and thermal instabilitiesin the cell. Cathode wetting as a
function of both cathode plate composition and bath composition needs to be better
understood to ensure that complete drainage of the molten aluminum off the plates occurs.
Metal buildup appears to lead to back reaction and low current efficiencies.
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7.0 APPENDICES
Appendix 1
Fabrication of 2" Diameter Inert Anodes

Following are the procedures used in the fabrication and processing of the V2" diameter,
graded connection, rounded bottom anodes, used in the DOE/Alcoa small Hall cell runs.

The powder used is ablend of spray dried 5324 composition material (5324 compositionisa
blend of 51.7 wt.% NiO and 48.3 wt.% Fe,O3), and 17% or 27% -325 mesh, 99.5% pure
copper metal powder, grade 165.

These powders (5324 + copper) areweighed upinajar. Thejar isthen mounted on a Fisher
Kendall mixer, and tumbled for at least 4 hours at 60 rpm.

The powder for the graded connection is ablend of the spray dried 5324 + copper (now
referred to as “basic mix”), with 4 different percentages of nickel powder.

90% Ni
75% Ni
50% Ni
25% Ni

These powders are also blended using the Kendall mixer.

The powders are now blended and ready to be pressed into parts, using an isostatic press.
The bags or molds are ~11” long and ~1” in diameter. The powder weights to be used have
all been previously figured out, to give the apropriate size anode needed. The molds are
filled, placing the basic mix in the mold first, then using the nickel gradients, in order of
increasing Ni content, finally going to 90% nickel at the top. The powder lots are
individually poured into the bag. Tapping the sides of the bag in between powder layers
helps to level the top surfaces and settle the powder for pressing.

90% Ni
75% Ni
50% Ni
25% Ni
5324 + 17% Cu

After the molds have been filled, a sealing closure and ring are placed in the end of the bag
and secured with ahose clamp. The filled molds are then placed into the vessel of the press
and taken to 20,000 psi to 30,000 psi. The press goes from 0 psi to the setpoint in ~3
minutes. The setpoint is held for 1 minute. The pressureisthen slowly released. The bags
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are then removed from the vessel, dried off, and the part is removed, being careful not to get
it wet.

The green part is now ready for sintering. It isfirst placed in an aluminatray, using 28 mesh
calcined aluminaasabed graini. Thetray isthen set ona“D” tube, and then dlid into the 3”
diameter tube of the 1700°C Lindberg tube furnace. Thetray is positioned in the heat zone of
the furnace. The tube is sealed by bolting a stainless flange on the open end, which has the
argon inlet, exhaust, and thermocouple running through it.

The following program is then started:

Room temp to 400°C @ 144°/hr

1 hr hold

400°C to 1000°C @ 300°/hr
1000°C to 1350°C @ 175°/hr

2 hr hold

1350°C to 1000°C @ 100°/hr
Natural furnace cool to room temp

*** Above temperatures are al internal tube temperatures.
*** The sample cannot be removed until the temp is around 150°C

Argon (100-200 ppm oxygen) is used as a purge gas throughout the entire run, at 2.0 LPM.
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Appendix 2

Patents Generated Under Contract

Government Foreign Send copy of
Contract No. Inventor(s) Title Serial No. | Patent No. | Report IR Report U.S. Report Foreign Filing U.S. Patent
Job. (Case No.) Filing Date | IssueDate | to Govt. | Filingto Govt. | Filing to Govt. Date to Gowvt.
No.
IP1998 | DE-FCO7- Ray, S.P. Inert Electrode Containing 241,518 6,126,799
003177 | 98ID13666 Woods, R. W. Metal Oxides, Copper, and 2/1/99 10/3/00 o 12/16/99 12/8/00 1/29/99 10/6/00
(GEK) | (595,044) Dawless, R. K. Noble Metal
Hodler, R.B.
IP1999 | DE-FCO7- Ray, S. P. Inert Anode Containing 428,004 6,162,334
002106 | 981D13666 Liu, X. Base Metal and Noble | 10/27/99 | 12/19/00 - 12/16/99 - None V/s/01
(ELL) | (595,045) Metal Useful for the
Electrolytic Production of
Aluminum
IP1999 | DE-FCO7- Ray, S. P. Electrolytic Productionof | 431,756 | 6:217,739 o 11/4/99 8124/00 10/27/00 8/6/01
002381 | 981D13666 Liu, X. High Purity Aluminum 11/1/99 4/17/01
(ELL) (S-95,046) Weirauch, D. A. Using Inert Anodes
IP1999 | DE-FCO7- Ray, S. P. Inert Anode Containing 542,318 .
002379 | 98ID13666 | Weirauch, D.A. | Oxidesof Nickel, Iron, and |  4/4/00 - 8/24/00 (\,‘flvr']!nbv‘flgore‘f 10/27/00
(ELL) (S5-96,060) Liu, X. Zinc Useful for the - €9
. . filing particulars
Electrolytic Production of from JHH)
Metals
IP1999 | DE-FCO7- Ray, S. P. Inert Anode Containing 542,320 .
002378 | 98ID13666 | Weirauch, D.A. | Oxidesof Nickel, Iron,and |  4/4/00 - 8/24/00 (will be done ) 10727100
(ELL) | (S-96,061) Liu, X. Cobalt Useful for the Y €9
) . filing particulars
Electrolytic Production of from JHH)
Metals
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Government Foreign Send copy of
Contract No. Inventor(s) Title Serial No. | Patent No. | Report IR Report U.S. Report Foreign Filing U.S. Patent
Job. (Case No.) Filing Date | IssueDate | to Govt. | Filingto Govt. | Filing to Govt. Date to Gowt.
No.

IP1998 | DE-FCO7- Ray, S. P. Inert Electrode Containing 621,728 . 8/24/00 . None
003177 | 98ID13666 Woods, R. W. Metal Oxides, Copper, and 7/24/00
(GEK) | (596,059) Dawless, R. K. Noble Metal

Hosler R. B.
IP1999 | DE-FCO7- Ray, S. P. Cermet Inert Anode 629,332 .
002380 | 981D13666 Liu, X. Containing Oxide and 8/1/00 - 8/14/00 (Wr']” bedone | 10/27/00
(ELL) | (S96,017) | Weirauch, D.A. | Metal Phases Useful for the _when we get

i . filing particulars
Electrolytic Production of from JHH)
Metals

IP2001 | DE-FCO7- Ray. S. P. Electrolytic Production of 835,595 L 5/4/01 L None
001396 | 98ID13666 Liu, X. High Purity Aluminum 4/16/01
(ELL) Weirauch, D. A. Using Ceramic Inert

DiMilia, R. A. Anodes

Dynys, J. M.

Phelps, F. E.

LaCamera, A. F.
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